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ABSTRACT 
Rolling coulters are widely used as a leading element on modem conservation till planters. 
Few studies have predicted or measured how coulters interact with the soil and what soil conditions 
they create. This research was initiated to study and compare popular rolling coulter designs; bubble, 
plain, 8-wave and 25-wave, based on the soil disturbance they cause. Soil disturbance was measured 
in terms of surface disturbance using a photoscanning technique, surface roughness using soil 
profiles, and strength changes using cone index profiles. Testing was conducted in rototilled and no-
till clay loam, and in compacted and loose clay and sandy soils. Soil disturbance was greater in 
firmer soil conditions. The bubble coulter did the least soil disturbance and left firmer conditions 
around its path. Plain coulter disturbance was greater than disturbance by bubble coulter. 8-wave 
and 2S-wave coulters caused the greatest surface disturbance. 2S-wave coulter caused wider band of 
loosened soil (150 mm), than by 8-wave and plain (75 mm). Substantial soil sticking (300 g) was 
observed for 25-wave coulter. The wavy coulters encountered higher horizontal and vertical forces. 
8-wave coulter disturbance was moderate, and its performance was less dependent on soil conditions, 
compared to other coulters. Based on field tests, 8-wave coulter caused desirable disturbance. 
Simulation experiments were conducted to obtain theoretical lateral displacements of soil 
particles caused by each coulter design in a plastic soil. The geometry of the slot created by a coulter 
pass was predicted. The simulation results were in agreement with the photoscaiming and cone index 
results obtained in the bin and field tests respectively. The study also concluded that the lateral 
displacement of a soil particle depends on what portion of wave or bubble first contacts the soil 
particle, and the length that they are in contact, and not so much on width or number of waves or 
bubbles on a coulter. The disturbance parameters measured in field tests support this finding. 
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CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
There has been a growing interest among farmers in conservation tillage because of 
the advant2^es of soil erosion control and energy savings. The national acres^e imder no till 
has increased seven fold from 3.3 million acres in 1972. No till is also a very widely used 
fanning method in Iowa with about 4.1 million acres under no till in 1996 (CTIC, 1996). 
Rolling coulters are integral components of virtually every conservation tillage and no till 
production system. Coulters are used to slice through crop residue to enhance performance 
of tine and sweep Qpe implements, and often to perform some tillage ahead of the seed-
furrow openers of planters. Coulters are sold in a variety of diameters and configurations-
plain, bubble, notched and various flute designs. Very litde scientific work on coulter 
performance in relation to soil changes it causes has been published and users have scant 
information on which to base purchase decisions. Coulters perform one or more of the 
following functions: cut the residue, help the furrow opener to create a clean slot for seed 
placement, and do a limited amount of tillage. According to popular press and company 
literature, plain coulters are recommended for moderate residue and softer soils. Notched 
coulters are said to be better in heavy, loose residue where notches will pull the trash down 
for better cutting action. Rippled coulters are stronger and exhibit better traction properties, 
but may encounter increased penetration resistance in heavy and hard soils (Peterson, 1996; 
Finck, 1992). Some past studies make claims of one configuration being superior to another, 
often based on forces measured or residue cutting efficiency. While these parameters are 
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important, they alone cannot serve as a basis for comparison of coulters. There are other 
questions such as; how are soil conditions changed, and how are germination, emergence, 
and crop development affected by a particular coulter. Producers want to know how soil ^ pe 
and soil moisture affect coulter performance and whether or not they should use different 
coulters for different soil conditions. Expert and industry opinions are based on personal 
experience and farmer complaints. Very little effort has been made towards quantifying the 
coulter interaction with the soil. Therefore, coulters need to be evaluated following a 
systematic approach. 
Literature Review 
TiUage 
Tillage was defined as the manipulation of soil by mechanical forces (Gill and 
Vanden Berg, 1967). This manipulation is usually for the enhancement of crop production 
and usually involves soil cutting, shattering, or inversion. The goal of tillage is to provide a 
suitable environment for seed germination, root growth, weed control, soil-erosion control 
and moisture control (Tillage, 1976). Primary tillage is the initial operation and is normally 
designed to reduce soil strength, cover plant materials and rearrange aggregates. Secondary 
tillage then refines the soil conditions before seeding or to control weed growth. No till (NT) 
refers to tillage systems wherein seeding is done directly into previously undisturbed soil. 
Conservation tillage (CT) is a tillage system that maintains 30% residue cover after planting 
or during critical soil erosion period (ASAE Standards, EP 291.2, 1993). These definitions 
are subject to adaptation by farmers according to their personal views. So conservation 
tillage (CT) in general refers to practices developed in recent decades to restrict the soil 
manipulation to conserve not only soil, but also energy spent in crop production. 
Conservation Tillage 
A basic premise behind CT practices is that any tillage which does not return more 
than it costs either by increasing yield or by improving soil conditions should be eliminated 
or changed (Tillage, 1996). In no till (NT) a crop is planted into sod, previous crop stubble or 
a cover crop where only the immediate seed zone is disturbed. Weeds are killed by 
herbicides- NT also reduces the number of passes of heavy machinery over the soil. Plant 
residue or vegetative ground cover protects the soil by absorbing the energy of raindrops as 
well as by minimizing wind-soil contact It usually reduces surface crusting and sealing 
which enhances infiltration and crop emergence. The residue cover also conserves soil 
moisture (MWPS-45,1992) and is a key aspect of no till. There have been some reservations 
about CT and NT practices. Some of the major concerns are that they require too much 
management, chemical use is increased, and the yields are lower than with conventional 
methods. These are legitimate concerns on the part of producers. No till advocates suggest 
that farmers start small and learn proper management skills before using no till or 
conservation tillage on larger areas. They point to reduced tillage costs and reduced non 
point source pollution (due to less runofiO which offsets the increased chemical costs and 
pollution potential (Rice, 1983). As for the yields, it has been reported that first few years 
may result in lower yields, however. Max Results (1993) showed that yields are better or 
comparable to competing systems and costs were reduced as well. 
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The Soil Conservation Service has estimated that the US has lost ISO to 200 mm of 
topsoil in the past one htmdred years. Current topsoil levels are 150 to 200 mm and we are 
losing 50 mm every 30 years (MWPS-45,1992). The no till movement has gained populariQ^ 
because of these increasing concerns about the environment It has been found that no till in 
general helps conserve soil, energy and saves time and labor (Rice, 1983). With this rise in 
no till acreage, residue management and planting practices have demanded more attention. 
Coulters and Their Role 
Rolling coulters are free rolling flat or foroied disks that often serve as the leading 
component of modem row planters. They are usually operated at a depth from slightly less 
than and up to two times the planting depth. They come in three popular configurations of 
smooth (plain), notched, and offset; bubble, rippled, and fluted (also known as wavy) (ASAE 
S477, 1993 and MWPS-45, 1992). Among other uses of coulters, they are used in 
combination with moldboard plows to prevent the residue from being dragged on to the plow 
and to create a smooth furrow wall, which reduces wear and soil pressure on share and ghin 
(Gill and Vanden Berg, 1967). Coulters have been used for subsoiling (Hammond et al., 
1985) as well as for fertilizer application (Dietrich et al. 1986). They can be used as depth 
control devices (ASAE S477,1993) on planting units. Smith et al. (1994) experimented with 
using coulters to sense the variation in the field soil conditions. 
Residue Cutting Ability and Coulter Forces 
Good residue cutting ability of coulters in different soil and stalk or stem conditions is 
an important criterion. Several studies have investigated residue cutting. Tice and Hendrick 
(1992) studied the effect of dimensional parameters such as included angle of the cutting 
edge, blade thickness and the speed ratio. They defined speed ratio (X) as the ratio of 
tangential velocity to forward speed of the coulters. They measured the speed ratio, which 
ranged from 0.9 to 1.07. They fotmd that large speed ratios may contribute to improved 
residue cutting, and that thick coulters with small wedge angles developed the greatest speed 
ratios. Nieuwenburg et ai.(1992) evaluated plain coulters with blunt edge, wedge shaped 
edge, spokes, and thick edge. They found that wedge shaped and spoked coulters had 
reduced cutting and fiictional forces. 
Kushwaha et al. (1986) studied straw cutting and seed placement for three sizes of 
plain coulters (360,480 and 600 mm) in a soil bin evaluation. They found that the 480 mm 
coulter performed best. Kushwaha et al. (1983) considered the possibility of powering the 
coulters, because in harder soils seeds get placed on residue and in soft soils residue gets 
pushed into the soil. Plain, serrated and notched coulters were tried at different straw 
densities. Plain coulters cut the residue better and the study also suggested that powering the 
coulters increased the effectiveness of cutting. Resistance to penetration and travel of 
powered coulters was lower than that observed with free rolling coulters. 
Choi and Erbach (1986) considered the effect of coulter type, travel speed, operating 
depth, residue spacing and soil strength on coulters' abiliQr to shear cornstalks and on soil 
reacting forces. They concluded that type of coulter and diameter did not have a significant 
effect. Higher moisture content and larger cross-sectional area of the cornstalk decreased the 
cutting ability. The study concluded that the 460 mm rippled coulter performed best, and for 
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any coulter, sharpness was a major factor. BCrall et al. (1978) found that rolling coulters were 
essential for cutting residue and soil slot preparation, and that smooth and rippled coulters did 
that well. They found that wavy coulters brought clods to the surface in fine textured soils. 
The authors recommended that the coulter diameter be 406 mm or more. Cakir et al. (1994) 
studied the mechanics of cutting plant residue on a rigid surface, and concluded that residue 
type and condition, and knife type need to be taken into account for ef^tive residue cuttii^. 
Effect of travel speed was also examined in some studies (Morrison at al., 1994 and Tice and 
Hendrick, 1992). Although the effect of travel speed was not being studied, they suggest 
adjusting the forward travel speed to get optimum velociQr ratios in different soil conditions. 
Coulter Forces 
Adding weight on toolbar is necessary to operate coulters consistently at the desired 
depth in some conditions. It has been suggested that weights may be added on the implement 
frame for better penetration and less vibration (Rice, 1983). The draft and vertical forces 
acting on coulters have been studied extensively. Tice and Hendrick (1991) evaluated the 
predictive ability of several mathematical models for coulter forces. The Matsepura model 
that predicted better than any other models, did not contain any soil or machine parameter to 
explain the forces predicted. The other models could not predict as well, but this study 
concluded that sliding resistance on flat sides of a coulter appeared to contribute to coulter 
forces. So a new traction based parameter was developed. Experimental measurements to 
verify that parameter were recommended. Tice et al. (1988) found that soil displacement was 
important for estimating direction of sliding resistance for plain coulters. They concluded 
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that forward soil displacement was negligible at the soil surface and that upward movements 
resulted after the surface soil layer separated into distinct blocks. They concluded that lateral 
displacements were important in developing a force model. Tice (1988a) developed a coulter 
force model that was based on the surface traction distributions over the coulter. There was 
good correlation between the calculated and measured forces. Tice and Hendrick (1992) 
concluded that the lowest draft and vertical forces occurred for thin coulters sharpened to an 
acute angle, and that forces depended on soil type as well. 
Kinematics 
The parameter speed ratio (X) has been defined as the ratio of tangential veloci^ to 
forward coulter velocity in the literature. Sizov and Mamatov (1974) studied friction and 
sticking forces for plain coulters. They developed an analytical expression to calculate the 
ftictional and sticking forces acting on coulters. This expression is a function of specific 
pressure of soil, coefScient of friction between steel and soil, effective area, the speed ratio 
(A.) and angle of rotation. Turovskii and Kanarev (1979) developed expressions for soil to 
disk contact areas and for magnimdes of slip for plain coulters. Maximum value of (1.08) 
occurred at a depth/radius ratio of 0.6. Both studies propose controlling the parameter X to 
maximize the pushing force and to minimize the energy lost in overcoming frictional forces 
acting on flat surfaces of a coulter. Tice and Hendrick (1992) studied the pushing and sliding 
components of the cutting motion and observed that a large speed ratio may contribute to 
effective straw cutting and that thick coulters having larger wedge angles resulted in higher 
speed ratios. Nieuwenburg et al. (1992) hypothesized that slip, skid and pure rolling for plain 
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coulters can result from varying cutting and Mctional forces. To reduce fictional forces they 
designed a spoked coulter and another that had a thicker edge than its lateral surface. For 
reducing the cutting forces, designs with the blunt edge, and the standard wedge shape were 
chosen. Cutting force reduction was obtained for rolling with skidding as proposed (A. < 1.0). 
Campos Ms^ana et al. (1994) studied the kinematics of a notched coulter when cutting 
mulch. They proposed increasing the slip and changing the e£fective geometry of the cutting 
edge. The geometry changes proposed would create a continuous change in notched section 
profile and in the angle between its center and the soil-notch interaction point. The proposed 
design would perform better in high mulch densities and in poorly drained heavy soils. 
Kirby (1993) reviewed the general area of soil-tool interaction. His paper emphasized 
the need for a priori prediction of soil-tool interaction and for attention to be paid to the 
modes of deformation (in particular particulate response). The paper cites several promising 
studies based on critical state mechanics and finite element analysis. The author, however, 
was aware of limitations of these studies due to soil variability and suggested that the 
predictions needed to be probabilistic rather than deterministic as in most research. 
Other Related Studies 
Iqbal (1996) studied the effect of seed furrow smearing by double disk openers by 
planting com with no, single bubble and triple offset-fluted coulters ahead of a double disk 
opener. He found that triple coulter created soil conditions that inhibit soil smearing but 
performed poorly in terms of plant performance measures. Using no coulter resulted in soil 
smearing, and using a single bubble coulter showed some evidence of smearing, however. 
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plant perfonnance measures were better than with triple coulter. Morrison et al. (1994) in a 
bin study compared two configurations of coulter and double disk openers: coupled and 
independent They concluded that there was substantial braking in the coupled configuration 
in all conditions and vertical forces were reduced by 50% in compacted sandy loam. 
However, the results could not be generalized. Coupled configuration has the potential of 
reducing vertical forces on coulters at shallow depths under certain field conditions. Bahri et 
al. (1994) compared the perfonnance of six different combinations of furrow openers and 
presswheels. A ripple coulter ahead of the furrow openers was used in that study. They 
coacluded that double disk openers performed well in moist and loam soil, while the hoe 
opener was suitable for hard and dry soil. Presswheel had no significant effect on crop 
performance. Grisso et al.(1994), while studying the forces on a chisel plow, tandem disk 
and cultivator in a silty clay loam, concluded that depth had a greater effect on magnimde of 
soil forces acting on the implement than the speed. 
Discussion 
It follows fi-om the above review that "good coulter performance" has often been 
equated to good residue cutting abili^ with low forces acting on the coulter. It must be 
remembered that coulters often operate as a component of a planter unit. Performance of 
furrow openers and closing wheels very much depend on the conditions created by coulters. 
While residue cutting ability is necessary, it is not siifficient. For example, the amount of 
work required to create a furrow by the furrow opener probably depends on the slot created 
by the coulter. On the other hand, the closing wheel performance may depend on the nature 
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and extent of disturbance by coulters and furrow openers that follow coulters. These factors 
are important for desired planting depth, uniform and proper placement of seed, and closing 
the fiuTow with the right amount of seed-soil contact. 6i the literature, however, very few 
studies have investigated the planting unit as a union of three flmctional elements. 
Some studies have considered planting units, but did not investigate the separate role 
of these three components that should be complimentaty to each other. The studies of 
coulters have not paid much attention to the soil condition each coulter generates. 
Understanding of the changes in soil physical conditions and soil movement caused by a 
tillage tool can lead to better tool designs. Tool designs have been a result of innovation and 
trial and error methods in the past. (Gill & Vanden Berg, 1967). This appears to be true of 
coulter designs as well as of other tillage tools. 
The purpose of a coulter may be to cut residue, to help the furrow openers to create a 
clean slot for seed placement, and to cause limited tillage. These functions are achieved to 
varying degrees, by different coulter designs. In order to establish which current design is 
better and why, there is a need to understand how the coulters manipulate the soil. Soil 
disturbance that coulters cause can be viewed as limited zone tillage. There may be a 
tradeoff between too much disturbance which might affect press wheel effectiveness and too 
little disturbance which might affect plant growth. There seems to be little consensus as to 
the relative benefits of soil disturbance. 
Therefore there is a need to address this issue in a quantitative manner. After 
studying the literature, it was clear that there were no standard evaluation parameters or 
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criteria for comparing the performance of coulters on the basis of soil final conditions. It was 
learned from this review, however, that some important factors need to be kept in mind while 
developing those criteria. 
a) Forces generated and energy spent: These may be dependent on the operating 
depth, width and forward speed of the coulters in addition to soil properties such as clay 
content, moisture level and bulk density. However, these criteria would reveal little about 
how coulters interact with soil. 
b) Residue cutting ability: This depends on the sharpness of the coulter edge as well 
as the speed ratio (X) as found in the literature review. Soil moisture content may also be an 
important factor because if the soil moisture content is too low, the coulter may not be able to 
penetrate easily whereas if it is too high there is a chance that the residue would be pushed 
into the soil instead of being cut. From several past studies, it has been established that the 
firmer the soil condition and sharper the coulter, the better the residue cutting ability. 
Residue cutting ability is a measure that does not explain how the soil reacts with coulters. 
c) Speed ratio (A.): Soil conditions (friction, adhesion) and blade design (coulter type, 
sharpness) are likely to affect speed ratio. Speed ratio is an important factor in determining 
the velocity vectors acting on the coulter blade surface. The magnitude and direction of 
velocity vectors can help in understanding how the soil particle is likely to be displaced. 
However, in most conditions the speed ratio is likely to be unity and may not vary much. The 
speed ratio can give mformation about the frictional resistance and soil sticking to coulters in 
different conditions. 
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d) Soil physical changes: Soil breakup and movement caused by coulters are likely to 
change properties such as bulk density, air permeabili^, profiles, and soil strength in the 
disturbed zone. Measuring some of these properties would be a way to quantify the soil 
disturbance. This disturbance can then be related to some of the design features of the 
coulters, i.e. number and geometry of waves and bubbles. This process may lead to 
establishing desirable disturbance by a coulter. 
e) Soil displacement; Predicting soil interaction with a coulter is not an easy task due 
to the complex behavior of soil, and the absence of any reliable soil constitutive relationship. 
At the same time, knowledge of how soil reacts with coulters and moves around the blade 
might enable us to improve the coulter designs available. Measuring the lateral soil 
displacement, using suitable simplifying assumptions when necessary, can be the first step in 
predicting soil disturbance resulting from soil coulter interactioiL 
It was thought that soil disturbance measurements are important in quantifying the 
coulter performance and in understanding how soil reacts to coulter designs. Because of the 
limitations of soil modeling, experimental methods were considered. The experiments were 
conducted in rototilled and no-till fields and in soil bins, however, it would be well to repeat 
these experiments in different soils in various parts of the com belt. This study was limited 
to rolling coulters operating by themselves, and not in conjimction with any machine 
component that might follow the coulter. 
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Objectives 
This research had the following objectives: 
1. To develop techniques for measuring the soil response to a coulter pass in terms of changes 
in soil profile, soil surface disturbance, and cone index profiles. 
2. To compare four popidar coulter designs, viz. plain, bubble, 8- wave and 25-wave, based 
on soil final conditions by using the three measuring techniques developed. 
3. To determine theoretical lateral displacement of soil particles by a coulter, to relate the 
displacement behavior to coulter design, and to predict the soil disturbance zone for each 
coulter design. 
4. To develop recommendations for the selection and use of coulters. 
Dissertation Organization 
The following chapters of this dissertation present the progress made in achieving 
each of the objectives. Chapter 2 describes the measurement techniques developed and 
discusses their ability to detect the changes caused by coulters. Chapter 3 describes the field 
and soil bin tests conducted to measiire and compare the disturbance caused by coulters. 
Chapter 4 reports the experiments conducted to predict and evaluate the soil particle 
displacement caused by each coulter design. Chapter 5 summarizes the conclusions of this 
research and makes recommendations about use of coulters and future research needed. 
Chapter 2, 3 and 4 have been written as manuscripts of papers in the format 
acceptable to the Transaction of American Society of Agricultural Engineers (ASAE). 
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CHAPTER 2: MEASUREMENT TECHNIQUES TO DETECT AND QUANTIFY 
THE SOIL DISTURBANCE CAUSED BY ROLLING COULTERS' 
A paper written to be submitted to the Transactions of ASAE 
R D Godbole\ S J Marley^, D C Erbach^ H M Hanna^ 
ABSTRACT 
There is a need to relate the coulter design features to their effects on soil conditions 
to be able to quantify the differences between coulters, and to improve their designs. 
Understanding and quantifying the coulter performance in terms of soil disturbance may be 
the key to comparing coulters. A measure of roughness using a new profilemeter, a measure 
of surface area disturbance using a newly developed photoscanning method, and a measure of 
strength of the disturbed zone in terms of cone index profiles were used to quantify the soil 
disturbance. Data used for validating these techniques was obtained &om the tests conducted 
in plant residue &ee, rototilled and untilled soil, using plain, ripple, bubble, 8-wave and 25-
wave coulters as treatments. The profile parameters were sensitive (t-test p<0.05) to the 
changes in profiles caused by coulters. The photoscaiming method measured the surface 
disturbance in terms of average strip width for each coulter with 98% accuracy. Cone index 
parameters estimated the lateral influence based on strength changes caused, and compaction 
caused by a coulter pass. Both the cone index and profile parameters would be more 
effective if initial surface geometry could be known. 
'journal Paper No. J-17426 of the Iowa Agriculture and Home Economics Experiment Stah'on, Ames, lA, 
Project No. 2910, and supported by Hatch Act and State of Iowa Funds. 
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INTRODUCTION AND LITERATURE REVIEW 
Rolling coulters are an essential component of the modem day conservation planting 
devices. In most planting systems, coulters are the first elements to interact with residue and 
the soil. Thus their interaction with soil and the end conditions they leave behind are critical 
to the performance of a planter. Most studies in the past have considered the performance of 
a planter as a unit. Studies that focused on coulters investigated the residue cutting abili^ of 
coulters, or the forces acting on the coulters (Godbole et al., 1995). Coulter performance 
should be evaluated based on the soil final conditions it creates, since soil conditions are of 
great importance if a planter is to do the intended job of properly placing the seed into soil. 
But there are no standard soil measurements used to quantify soil conditions suitable for 
proper planting. Tillage research in the past has lacked standards that can be used to compare 
implements on the basis of soil disturbance or other meaningful soil properties (Gill and 
Vanden Berg, 1967; Tessier et al., 1989). Godbole et al. (1995) found that little has been 
reported in relating coulter performance to design features, which in timi might lead to an 
improved coulter design for a particular operation. 
Soil manipulation by a coulter is a fimction of soil properties and coulter design. One 
way to get a better idea of soil manipulation due to coulters would be to measure soil 
disturbance in terms of soil final condition. Research was initiated at Iowa State University 
with a goal of quantifying the differences in coulter designs in terms of soil final condition. 
Choice of Measurements: 
Particle size distribution, soil roughness, air permeability, bulk density, moisture 
contem, plasticity index, shear strength, and cone index are some of the parameters used to 
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quantify the soil conditions in tillage research. Some of these parameters have limitations in 
describing the physical changes caused by a tillage tool. Measurements to be devel jed in 
this research must overcome this difficult and permit recording physical changes in soil 
caused by coulters with reasonable accuracy and precision. The measurement methods to be 
used must aid in establishing the zone of influence for various coulter designs to be tested. 
The depth of the soil affected and the lateral distance &om the surface of the coiilter to the 
edge of the disturbed soil, can be defined as the zone of influence for a coulter. 
Soil Proliles; Soil profiles were obtained to measure the roughness, since roughness 
is correlated well with soil porosity, radiation absorption and soil temperature, and mean 
aggregate size. Soil profiles and the information obtained from them have been used 
extensively in soil erosion research (Colvin et al., 1984). Geometrical measures obtained 
from soil profiles can give information about the soil disturbance. Changes in soil profile due 
to a tillage tool have been of interest to researchers smdying tillage systems and soil erosion. 
Ultrasonic (Robichuad and Molenau, 1990), laser (Huang and Bradford, 1990) and 
mechanical rill meters (Brough and Jarrett, 1992) have been used for this purpose. Warner 
(1995) suggested the use of photogrammetry to map the tilled soil. Despite its potential, few 
studies in the past have used soil profiles to compare the tillage implements. Therefore soil 
profile measurement was chosen to quantify soil disturbance. 
The choice of the profilemeter depends on the accuracy required, convenience, cost 
and the specific application. Rill meters do a good job when information about a larger area 
is needed quickly. Satellite based systems can be quite accurate for geographic mapping 
within a few meters. Ultrasonic measurement have been used in some water quality research 
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and may be appropriate for certain situation. However, a disadvantage with these methods is 
that they give an average reading over relatively large area. These methods have limitations 
in measuring relatively smaller profile changes likely to be caused by coulters. 
Laser profilemeters have been found to be the most accurate non-contact method 
(Khorashi, 1987). This study used a laser profilemeter and a manual profilemeter. 
Surface Disturbance: The effect of a tillage tool on the surrounding soil mass is of 
great interest to tool designers. Yet, soil disturbance is a term widely used but seldom 
defined (Tessier et al., 1989). The nature of soil disturbance is important in understanding 
the soil breakup as well as soil movement perpendicular to a coulter pass (Gill and Vanden 
Berg, 1967). Several techniques have been used to investigate the zone of influence. It has 
been measured indirectly by measuring change in residue cover, or by measuring surface 
roughness. Another method was soil clod analysis that gave quantitative information, but 
failed to give spatial information about the soil breakup. Tiny wooden blocks were used by 
Sharifat et al. (1994) to simulate soil translocation by tillage tools. Colored wooden cubes 
with a video camera to trace their motion over a sweep, was a method used by Hanna et al. 
(1991). Inserting metal balls and taking an X-ray image of the soil block after a tillage 
treatment was a technique used by Ghaffarzadeh (1995). However, inserting tracers in soil 
destroys its natural soil condition, and such techniques are feasible in bin studies but are labor 
intensive. It was thought that in the case of roUing coulters, since they run at a relatively 
shallow depth, the area of the surface disturbed would be a reasonable estimate of the zone of 
mfluence in the lateral direction. A new photoscanning method developed was proposed to 
measure surface soil disturbance. 
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Cone-index; Soil disturbance by a tillage tool usually brings about changes in soil 
strength around its travel path. Soil strength has been measured in terms of tensile and 
compressive strength, and shear strength by triaxial and other tests (Chancellor, 1994). These 
tests require relatively large core samples and are time consuming. Cone index reading on 
the other hand can be taken quickly and are known to be related to properties such as soil 
densiQ^, organic matter content, clay content, bulk density, and moisture content. Stephens 
and Johnson (1993) conducted a study to measure soil strength in the seed zone of several 
planting systems. Their report explained in detail the experimental setup for generating soil 
contour maps. Manor et al. (1991) conducted a study to explain the variability in cone index 
(CI) readings in a controlled traffic and tillage study. They concluded that CI was an 
effective technique if the readings taken were close to one-another in a tillage/trafiQc zone. 
Cone index has also been widely used in soil dynamics research as it has been used to 
predict tractive performance of vehicles, draft forces required by implements, and root and 
plant growth (Chancellor et al., 1994). Several versions of cone-penetrometer and mounting 
units have been used in the past. Heslop and Tetrault (1989) reported a portable design, and 
Armbruster et al. (1990) reported a design that reduced the fictional resistance. Cone index 
measurement is a simple in-situ method and was used to compare coulters. 
OBJECTIVES 
The objectives of this research were: 
1) To develop techniques to measure soil disturbance caused by rolling coulters and to use 
the techniques to quantify the soil final condition created by several rolling coulter designs. 
2) To evaluate the ability of each technique to detect the soil disturbance caused by coulters. 
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MATERIAL AND METHODS 
The three measurements chosen were used in the field tests as well as in the bin tests. 
The following sections will explain the development of the instruments and their use, and 
data analysis methods for the three measurements. 
1. Soil Profile Measurement; 
The soil profiles were obtained with a laser profile meter along transects 
perpendicular to the coulter travel. The instrument used a very narrow beam and measured 
soil elevation (Y) above a datum plane every 0.5 mm along a transect. Profiles were obtained 
along a transect before and after a coulter pass was made. A typical soil profile obtained is 
shown in Fig. 1. 
Typical Soil Profile 
after trie coulter 
Cj 
-aoo 
Fig. I: Typical soil profile obtained with a Laser Profilemeter 
A laser profilemeter (Flanagan et al., 1995) was capable of very precise measurements 
but its required set up time was a problem. Tessier et al. (1989) used a roughness meter with 
3 mm square steel pins to trace the soil profiles. They used the instrument to characterize the 
soil disturbance created by furrow opener and firming wheel combinations. Keeping that 
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design in mind, an improved soil profilemeter was fabricated [Fig. 2]. The design was 
simplified by using a much simpler pin release mechanism. Also, the use of Plexiglas pins 
instead of steel pins was expected to do less damage to the soil profile when the pins slid 
down as they were released. This instrument was far less bulky and time consuming than the 
laser profilemeter. The tops of the profilemeter pins were traced on paper secured by a 
wooden fixture. The traced profiles were scanned and the images were saved as a TIFF file. 
A computer software (Ewing, 1996) analyzed the files by discretizing the profile into a 
number of points, and output the coordinates (X,Y) for all those points. The statistics were 
calculated from (Xi,Yi) values with a C++ program (Godbole, 1997). This device was used 
in field and soil bin experiments in 1996. 
For test runs made in 1994 each transect was 800 mm wide and 1600 data point were 
recorded with a laser profilemeter. Because before and after profiles could not be obtained. 
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Fig. 2: Soil profilemeter developed at ISU 
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there was no measure available for soil roughness before the coulter pass. After studying 
individual profiles it was observed that the disturbance was restricted to about 750 points in 
the middle of the transect So an estimate of initial profile variabiliQr was obtained using the 
remaining 850 data points, and an estimate of final profile variabilis was obtained from the 
750 data points excluded in the first calculation. In 1995 field tests, there were 900 data 
points (450 mm) for each transect. For each coulter pass 21 such transects were mapped. 
From the test runs in 1994 it was also concluded that for soil profiles to be independent they 
needed to be separated by 30 mm. Thus the 21 transects chosen were 30 mm apart along the 
coulter pass and the effective area covered was 450 nmi X 600 mm. This constituted one set 
of data. Four data-sets were obtained, one for each coulter pass, and they were obtained on 
the day after the coulter operation. Therefore, this data was used to evaluate if the parameters 
developed work well. As in 1994, before and after profiles were not obtained. After 
studying individual profiles it was observed that the disturbance was restricted to about 150 
mm band. So an estimate of initial profile variability was obtained by excluding 300 data 
points for that region, and an estimate of final profile variabilis was obtained firom the 300 
data points excluded. Area for profiles was adjusted for length difference. In 1996, sixteen 
pairs of before and after profiles obtained in the field tests were selected randomly to 
determine if the profile evaluation parameters were effective for field tests in a no till field. 
Profile Evaluation Parameters: Grant et al. (1990) reported that standard deviation 
(<JY) of the measured elevations was a good measure of soil fi^cture surface roughness. They 
also investigated use of Fourier series in quantifying the fracture surface. However, they 
found the standard deviation to be a much simpler and better indicator. Darmora and Pandey 
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(1995) while evaluating performance index of furrow openers used 1/<TY, the reciprocal of the 
standard deviation as a measure of soil disturbance. Currence and Lovely (1967) measured 
soil elevations for five distinct tillage treatments and used three indices to compare the 
treatments. One of these parameters, soil roughness, was found to be adequate for amplitude 
of surface variations. They used another slope based parameter that was detennined by 
summing the absolute differences between the slopes of lines that connect end points of 
successive readings. 
Indexes based on standard deviation of heights have limitations because they are not 
related to physical surface description. So, Linden and Van Doren (1986) used limiting slope 
(LS) and limiting elevation difference (LD) parameters that were determined from the best fit 
lines of 1/AZ (mean absolute elevation difference) and 1/AX where X was the lag. They 
found LS and LD strongly correlated to soil roughness as well as capable of estimating 
surface area and other properties. Romkens and Wang (1986) while investigating the effect 
of tillage on surface roughness quantified roughness as a product of a microrelief index and 
peak fi-equency factor. A straight line was fitted to each profile data set. Microrelief index 
was the area of the profile about that fitted line, and the peak frequency factor was the 
number of maxima per unit length. The focus of their study was roughness due to soil 
cloddiness and pulverization. Quantifying soil topography with a firactal approach was 
explained by Malinvemo (1990). The fractal dimension quantifies the jaggedness of profiles, 
expressed as their ability to fill space. A fractal line fills a two dimensional space. The 
fractal dimension can be a useful parameter to quantify roughness of natural patterns. 
Based on this discussion, three parameters were considered to analyze the profiles. 
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1. Ynns: Standard deviation of heights along a transect, also known as root mean squared 
(nns) value is widely used for roughness calculations. For all the ^before profiles* and ^after 
profiles' Ynns was calculated. 
2. Sloperms: This is calculated as the standard deviation of dififerences of adjacent heights of 
equidistant points along the profile. Each height is subtracted from the next height along a 
transect. The standard deviation of all the differences was used as a parameter. This method 
gives an idea about the variation of slopes along a profile. 
3. Abs-Area (about mean height): Total area of curve about its mean height would always be 
zero. However the area above or below the mean height line can tell more about the 
disturbance caused by each coulter. The area above the mean height line was termed as 
positive (+ve) area and below the line was the negative (-ve) area [Fig. 1]. The total absolute 
area about the mean height line is the srmi of these two absolute values. Compaction caused 
by a treatment might be reflected in a decrease in this value whereas dilation might increase 
the total area when compared to absolute area of initial profile. 
For each year. Student t-tests (a = 0.05) determined, based on the before and after 
parameter values (paired data), if the before and after parameters were significantly different. 
2. Surface Area Distarbance: 
A new photoscanning technique was proposed to obtain a measure of surface area 
disturbed by each coulter. A similar technique was used for measuring the percentage of 
sprayed area on a cotton leaf (Godbole and Coates, 1994). The method consisted of covering 
patches of soil along the coulter path with white powder, and taking pictures of this area 
before and after a coulter pass. These pictures were computer scanned anri a software 
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estimated the black and white areas. Black area corresponded to the soil disturbed and would 
be compared for different coulter designs. 
To investigate the accuracy ((measured - true)xlOO/ true) of this method, images were 
obtained in a laboratory setup. A camera was zoomed on a known total area of illimiinated 
soil surface. Uniformity of illumination was checked with a light meter. Rectangles of 
known area were covered with a thin layer of white powder. Pictures of this area were taken 
under different settings, and percentage black area was obtained using the software. Sample 
scanned images are shown in Fig. 3. Table 1 shows the comparison between the known 
(Aknown) and the scanned (Ascanned) areas for various brightness settings. The scanning process 
was most accurate for 140 setting with the error less than 2%. 
Brightness setting 160 Brightness setting: 180 Brightness settmg: 200 
Fig. 3: Soil photographs showing the effect of brightness on black area obtained with 
photoscanning method. The white grains in the second and third image due to greater 
brighmess (even though no powder was present in those areas). Therefore calibration was 
necessary to reduce errors 
Table 1: Comparison of known values and scanned results for photoscanning method. 
Black Area in mm^ 
Brighmess Aknown Ascanned Aknown Ascanned 
140 107.5 106.13 105.84 104.11 
160 107.5 106.12 105.84 103.83 
180 107.5 105.43 105.84 103.50 
190 107.5 104.60 105.84 103.25 
200 107.5 102.33 105.84 102.00 
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Test runs in the field showed that the variation in sunlight induced more subjectivity 
in the scanning process. Therefore a portable closed chamber with a light source was used 
for taking pictures in the field. This photography unit [Fig. 4] was built to standardize the 
process of taking pictures. The salient features of this unit included an adjustable camera 
mount, fluorescent lamps for unifomi illumination of the picture area, and a special 
"rubberized" cloth-cover to minimize the influence of the simlight Camera film used was T-
Max 100 (black & white) by Kodak. The camera settings, film speed and camera height were 
chosen after a series of laboratory and field tests (Godbole et al., 1995). All the pictures were 
taken by placing the photography unit on the area. While taking the "after pictures", the 
camera was aligned with the center of the coulter pass. The area covered by each picture was 
assumed to be identical, and operator and topography errors induced were neglected. The 
method involved following steps: 
1. Covering small areas (750 mm X 500 mm) along the line of a coulter pass with fine white 
chalk powder. A flour sifter was used to spread the powder unifomily. This was followed by 
taking 'before pictures' of these areas. 
2. Operating coulters at desired speed (8 km/hr) and depth (50 mm) through these areas and 
then taking 'after pictures' of the initially covered areas which would now be partially black 
and white since the soil was disturbed. 
3. Scannmg the pictures on a flatbed (HP Scanjet series He) scanner. These pictures were 
analyzed using the Rootedge Software (Ewing and Kasper, 1995) to get percentage black and 
white areas. Percent black area was a measure of soil disturbance due to a coulter pass. 
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Fig. 4: Schematic of the photo-frame used 
Picture anafysis parameters: Percent disturbance was defined as the ratio of the 
black area to the total area of picture, multiplied by 100. In field tests, for each coulter pass, 
two 'before pictures' and five 'after pictures' were taken. The mean of aU 8 'before pictures' 
was used to estimate the initial percentage black area within a block. The mean of 5 'after 
pictures' was used to estimate the final percentage black area by a coulter treatment. Net 
percentage disturbance for each treatment was calciilated by subtracting the initial percentage 
black area fi'om the final percentage black area for respective treatments. 
The following parameters were developed to analyze and compare scanned images. 
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1. Average strip width was calculated by dividing the net area disturbance by the length of the 
picture area in the direction of coulter travel. 
2. Each scanned image consisted of several mini black areas surrounded by white areas 
because the disturbance was not always continuous. The imaging program had the capabili^ 
of calculating number and area of these mini areas for each image. The number of mini areas 
was used as a parameter to get some idea about the nature of soil breakup. 
3. Another criterion used was the location of the center of area of the black areas. The lateral 
position of center of area with reference to the center line of the pass was calculated. This 
would determine if the average disturbance was uneven on either side. 
3. Cone index Contours: 
To obtain cone index contours for a transect, a wooden assembly was built. It was 
125 cm wide and the net travel for the movable frame was 75 cm [Fig. 5]. The cone 
penetrometer tip was attached to an electromechanical actuator (stroke 30.5 cm) [Duff-
Norton SK-6005] which was mounted on a movable frame guided by two parallel shafts. A 
standard 12.83 mm cone (base area 130 mm^) and a constant downward travel speed of 35 
mm/s were used (speed specified in the ASAE Standard S313.2 is 30 mm/s). A load cell 
[Transducer Techniques] attached to the actuator measured the force. A wooden template 
was used while taking cone-index measurements to locate the cone in proper position in 
relation to the coulter pass center line. Forces were recorded with a Campbell Scientific 2IX 
datalogger. Laboratory experiments were conducted to determine the spacing of cone 
penetrometer probe. Two soil bins were prepared such that soil was compacted to two levels. 
The probe was inserted in each bin to get an estimate of the average cone index in each bin 
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Fig. 5; Assembly used to obtain cone-index measurements 
(240 kPa and 445 kPa). The probes were then inserted at position 25, 50, 75 and 100 mm 
from each other. Based on these experiments and results reported by Stephens and Johnson 
(1992), it was decided that any two penetrometer insertions needed to be at least 75 mm apart 
to minimize the overlap of the disturbance due to two adjacent probes. 
However, coulters disturbed only about a 100 mm wide strip, as found by the 
photoscanning method during the test runs. An offset probe pattern [Fig. 6] was used in 
order to obtain more precise information about strength changes in the soil volume disturbed 
by a coulter pass. A similar idea was used by Ohmiya (1994) in a soil compaction study. In 
effect, each transect was an area 300 mm wide and 75 mm long [Fig. 6]. While taking the 
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Fig. 6: Offset pattern used for cone index measurements and the effective transect area 
measurements the firame assembly base was stationary while the probe assembly traveled on 
guides. Actuator stroke was 200 mm, but due to topography and soil disturbance, the cone 
travel in the soil varied from about 150 to 180 mm. Thus although the cone tip travel started 
from a known point, it came in contact with the soil surface at different depths. This posed 
some difGculty in analyzing the data. It was decided to assume the highest soil elevation as 
the datum line for all the probe positions as suggested by Raper et al. (1994). In other words, 
for some positions data points while the cone tip was in the air (cone-index zero) were 
included in the data matrix. For each transect there were 9 positions and at each position the 
cone index was recorded at every 6.6 mm of downward travel. The individual cone index 
profiles for each of these transects were plotted. 
Another observation made from the analysis of 1995 results was that for most 
contours, the cone index values for all nine positions were fairly constant at any depth more 
than 100 mm, indicating that there was probably no effect due to coulters below the depth of 
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100 mm. Also, the surface disturbance observed was restricted to 150 mm wide zone around 
coulter center line. So in 1996 field tests, it was decided to use a fewer number of probes as 
well as fewer readings per probe. At each transect the cone-index was measured at 7 
positions and at each of these positions cone-index readings were recorded at 16 depths in 
steps of 6.6 mm. Thus the data sets were a matrix of 16 rows by 7 columns. Probes for 
position 1 and 9 in Fig. 6 were eliminated, as being unnecessary, in 1996 field tests. 
Cone Index Parameters; The infonnation contained in a data matrix was quantified 
in the following ways: 
1. Mean: The mean of all the cone indexes in a data set is one parameter. This gives average 
cone index for a fixed region. This may not be the best parameter since the coulters disturb a 
very narrow zone and the overall mean may not detect this small change. 
2. Column Means: Means for each of the 9 positions (1995 tests) indicate how the cone-index 
changes along a transect, i.e. the lateral influence of coulter. These position-means are 
averages of data points (depths) for a particular position of the probe. These position 
averages can be used to conduct a multivariate analysis for treatments and blocks used in the 
experiments. Individual data points could not be used due to lack of randomization within a 
transect. Different coulter designs will lead to different patterns: e.g. very little disturbance 
would result in no trend along a transect (random variation in means), and high disturbance 
could result in means for some of the positions 3, 4, 5,6, and 7 being higher or lower, 
depending upon the extent of disturbance. 
It was observed for most data sets that cone index was the highest for positions 1, 2, 
8, and 9, and lower for intermediate positions with the lowest cone-index value usually being 
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at the center position. 5. The mean of all the numbers and the weighted mean parameter can 
provide more information about the disturbance caused by the coulters. However, these 
parameters may or may not detect the disturbance. The reasons for this are: coulters 
disturbed a narrow zone so the changes are harder to detect (since the measurements have to 
be 7S mm apart), and cone index usually increased with the depth and this increase could 
overshadow the disturbance by coulters. Hence, the following parameters were developed to 
get more information from the data obtained, and also to validate some of the assumptions 
made in the earlier analysis. 
M-95 = The average of colimm means in 1995 for positions 1,2, 8, and 9 (positions farthest 
from centerline). This would be used as an estimate of initial average cone index. 
Ma = Average (3,4,5,6,7) / M-95. 
Mb = Average (4,5,6) / M-95. 
Mc = Average (5) / M-95. 
These three parameters show the variation of the cone index within a transect. If Mc was 
near unity, then that meant there was very little or no disturbance. If the ratio Mb is near 
unity then there was probably no disturbance beyond 5. On the other hand if Mb is less than 
unity and about equal to Mc then it can be said that the disturbance created by a particular 
coulter was uniform for those three positions. If Mb was greater than Mc, the disturbance 
decreased as we moved away from the center position. 
Similar parameters developed for 1996 data consisted of means for 7 positions. 
M-96 = The average of column means in 1996 for positions 1 and 7. This would be used as 
an estimate of average initial cone index. 
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Ml = Average (2,3,4,5,6) / M-96. 
M2 = Average (3,4,5) / M-96. 
M3 = Avenge (4) / M-96. 
These three parameters show the variatioii of the cone index within a transect. If Ml was 
near imity, then that meant the disturbance zone was restricted between positions 3 and 5. If 
it was less than unity then coulter disturbance zone ranged from positions 2 to 6. If the ratio 
M2 is near unity then the disturbance wasn't beyond center position 4. On the other hand if 
M2 is less than unity and about equal to M3 then it can be said that the disturbance created by 
a particular coulter was uniform. If M3 was less than M2 the disturbance decreased as we 
moved away from the center position. 
3. AMean (Difference in overall means) : The mean cone index for the whole data set may 
not always be sensitive to small changes caused by coulter. Also, since soil properties are 
variable, it is hard to relate higher or lower Mean values for a data set to a treatment effect. 
The cone index is a destructive test, so it is not possible to measure cone index before and 
after a coulter pass at the same transect. For the tests conducted in 1995 and 1996, a 
multivariate analysis was conducted for each column mean. It was found that column means 
for position 1,2,8,9 in 1995 and 1, 7 in 1996 were statistically not different for all 
treatments. So it was decided to use the average of column means 1,2, 8 and 9 as an 
estimate of 'before' condition for each data set. Similarly average of column means 1 and 7 
was used in 1996 tests. The total mean for all the remaining columns was a measure of 
'after' condition. The difference between the two was a measure of coulter effect and was 
used as one of the parameters. 
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AMean = M95 - Average (3,4,5,6,7) for 1995 tests. 
AMean = M96 - Average (2,3,4,5,6) for 1996 tests. 
4. Weighted Mean (W-mean): Coulter tip was at a point P, 50 mm deep at the center position. 
The coulter was assimied to have passed through that point, P. Its influence was likely to be 
spatial in that the changes (compaction or dilation) caused by the coulter are likely to be 
detected nearer to this point. A parameter to account for spatial variation of cone-index from 
point P was proposed. A weighted mean for the cone-index data points based on square of 
their distance from the coulter tip was considered a reasonable descriptive statistic. Higher 
weight would be assigned to points nearer to P and lower weights to points farthest from P. 
Weighted Mean = 2 (Pi / XiV S(l/Xi^) (Cressie, 1990). 
RESULTS AND DISCUSSION 
Soil Profile: 
Five profiles for each of the three treatments are shown in Fig. 7, and the average 
evaluation parameters for those are shown in Table 2. Area was adjusted for difference in 
length for which before and after profiles were obtained. All three parameters detected 
differences in the profiles. The Yrms and Abs-area parameters were more sensitive to 
changes caused by coulters. The reason for lower change in slope-rms was that profilemeter 
Yrms (mm) Slope-rms Abs-area (mm2) 
Before After Before After Before After 
Bubble 36.2 138.2 7.6 9.8 11173 43321 
Plain 27.3 284.0 14.9 23.9 6680 77014 
Wavy 42.2 154.3 3.8 14.1 13695 45667 
t-test (p-vaiue)* < 0.0001 0. 0037 < 0.0001 
* This is the probability that after value is equal to or less than before value for each parameter 
37 
Bubble Coulter 
600 
_ 400 
¥ 200 
I ° 
I -200 
I -400 
• Kv 
UI 
•600 
-800 
•400 
..... .. Y . -rr.-. 
-300 -200 -100 0 100 200 
OtsUnce Along Transect (mn) 
300 400 
Plain Coulter 
-475 -75 25 
Distance Along Transect (mm) 
125 225 325 
Wavy Coulter 
• 1 r - f r 1 
-500 -200 -100 0 
Distance Along Transect (mm) 
300 
Fig- 7: Soil Profiles obtained after coulter pass using a laser profilemeter. For each 
coulter, 5 profiles are plotted. The profiles were compared using profile evaluation 
parameters developed as shown in Table 2. 
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records at every 0.5 mm and the two adjacent points are not likely to have great difference in 
heights. This parameter might be more effective when the adjacent readings are farther apart. 
Table 3 shows the mean roughness (Ymis) and an estimate of variation (avnns) among 
21 transects for each coulter. Plain, ripple and 25-wave coulter produced more uniform 
roughness, whereas variation of 8-wave coulter roughness was greater as different sections of 
this coulter disturbed the soil differently along its path. The initial roughness was a measure 
of variability in the soil surface. This variability could be due to either the initial roughness 
due to topography, or due to the sloping nature of the soil surface. These parameters do a 
poor job in case of ripple coulter profile, because it had 5° slope, and the parameters were 
calculated with reference to horizontal mean line. That led to higher values for initial profile. 
The latter can be corrected for by proper manipulation of data or the initial roughness values 
might overshadow the treatment effect as in case of ripple coulter (Table 3). A sloping line, a 
quadratic curve, and other models to fit the initial soil profiles were tested, however, none 
was suitable for the curves obtained in this research. Therefore the parameters had to be 
based on mean elevation height, and profile segments that are sloping can reduce the 
effectiveness of these parameters. Also, since the disturbance was limited to a very narrow 
band (ISO mm), it was also felt that the profiles could be obtained for a smaller transect 
length (< 450mm). 
Five example profiles for each treatment are shown in Fig. 8 and the average 
evaluation parameters for those are shown in Table 4. The parameters detected the difference 
in the before and after profiles for plain, 8-wave and 25-wave coulters. 
In 1996, before profiles either had no pattern or had a small dome. Example profiles 
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Fig. 8: Examples of soil profiles obtained using laser profile meter after coulter pass, For each coulter S profiles are shown. 
The elevation axis is relative to the profile meter. The average evaluation parameters these profiles are listed in table 4. 
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Table 3: variatioii for profiles obtained in 1995 tests conducted in rototilled soil. 
Coulter Comment Before Profile After Profile 
Y ®Ynns ^fins ®Yniis 
Plain 34.4 11.6 41.3 12.3 
Ripple slope* 50.8 31.0 32.4 15.9 
8-Wave 45-4 22.5 84.1 31.0 
25-Wave 29.7 5.6 40.4 15.5 
' The parameters were not corrected for slope since all profiles did not show consistent 
sloping pattern. Ripple coulter values were eliminated for t-tests. 
Table 4: Profile evaluation parameters obtained for 1995 test runs in rototilled soil condition. 
Ynm (mm) Slope,„„ Abs-Area (mm^) 
Before After Before After Before After 
Plain 27.3 44.7 5.1 6.8 2941.8 5520-7 
8-Wave 42.6 70.5 5.2 10.5 4899.9 8217.3 
25-Wave 34.5 31.7 5.2 6.7 5038.5 3741.9 
t-test (p-value)* 0.011 0.0016 0.036 
' This is the probability that after value is equal to or less than before value for each parameter 
are shown in Fig. 9. The average parameters and statistics for 1996 tests are shown in Table 5. 
The changes in parameters for before and after profiles were smaller in 1996. This may be due 
to two reasons. One reason could be the low disturbance caused by coulter. The second reason 
may be due to the roughness of the before profiles. Since the initial profiles have no standard 
pattern they could not be analyzed for slope. The parameters used in this smdy were based on 
mean height line and since the before profiles were rough to begin with a smaller relative 
change occurred. The other concern is the high variabilis in before profiles. This cannot be 
eliminated but is likely to reduce the effectiveness of these parameters. 
Table 5: Average profile evaluation parameters obtained for 1996 profiles. 
Y 
' rms Slope™, Abs-Area (mm2) 
Before After Before After Before After 
Mean* 8.5 10.1 1.8 2.4 2047.6 2415.0 
t-test (p-value)" 0.028 0.015 0.029 
* Mean calculated based on 16 profiles randomly selected. 
'' This is the probability that after value is equal to or less than before value for each parameter. 
Before Profiles Obtained in Field Tests 1996 
Profile 1 
'ProfWe 2 
Profile 3 
•Profile 4 
DItUnce Along Transect (mm) 
Fig. 9; Examples of the profiles obtained using a manual profilemeter in field tests 
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In bin tests the initial roughness was reduced and sloping surfaces were eliminated. 
An equivalent before profile in bin tests resulted in a Ynns of 4 mm and Abs-Area of about 
600 mm^. However, for the data analysis, differences between the before and after 
parameters for each profile were used. This step reduced the biases in results due to before 
profiles being not comparable owing to variabilis in their patterns. 
Surface Area Disturbance: 
Pictures for different treatments were compared based on the parameters developed. 
Examples of pictures obtained using this technique in 1995 are shown in Fig. 10, and 
parameters are shown in Table 6. The 'before pictures' should ideally be 100% white, but 
due to soil cracks, topography, wind, and manual spreading of chalk powder, a small black 
percentage was observed. This was referred to as the initial percentage black area. Photos 
were scanned to study the 'before pictures'. In these tests the coefScient of variation (C.V.) 
for initial black area (based on ICT) was less than 5%. Therefore it was decided to obtain a 
fewer number of 'before pictures' to get an estimate of initial black area for a block. Errors 
may also have occurred due to powder blowing away, or by wind exposing or covering the 
soil surface. Such errors were neglected because wind seemed to blow very little powder on 
most testing days. Errors may have been caused due to non uniform spreading of powder in 
the field. Each picture was at least 355 mm in length. This covers forward travel equivalent 
to at least 90® of coulter rotation in case of a plain coulter, and more for other coulters 
depending on the diameter. Since the coulter convolution pattem is repetitive; 8-wave every 
45°, 25-wave every 14.4®, and I8-bubble coulter every 20®, length of single picture was 
sufficient to display the surface disturbance pattem by coulters. But since soil properties vary 
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Fig 10: Representative Pictures: Scanned Photographs for Block 3, Field Tests 1995 
There are differences in 'after pictures' which show the two wavy coulters doing more 
disturbance. Also, soil disturbance can be attributed to a particular shape, e.g. wavy coulters 
disturb the soil in a wavy pattern 
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Table 6: Evaluatioii parameters for soil pictures shown in Fig. 10 
Coulter Area Disturbed (%) Average strip width (mm) 
Rep 1 Rep 2 Rep 1 Rep 2 
Plain 22.6 20.4 5.17 4.63 
Ripple 15.3 11.7 3.49 2.68 
8-Wave 31.2 32.4 7.15 7.40 
25-Wave 31.5 32.5 7.20 7.43 
in the field, more pictures were obtained to estimate the average disturbance. The accuracy 
of photoscanning technique can be deduced from Table 1 (p. 28). Soil pictures (Fig. 10) 
parameters are shown in Table 6. 
Cone Index Measurements: 
From the bin experiments it was found that for 75 mm spacing, the variation (C.V.) 
among five position means to a constant soil depth, was 7 to 17 % based on four tests 
conducted. Thus even in controlled bin conditions, the changes in position means caused by 
coulters would have to be more than 7 to 17% to be detected. This was likely to be a limiting 
factor in field tests due to soil variability. 
In 1995, for each coulter pass cone index contour was obtained for one transect before 
the pass, and for one or two transects (depending on weather and time) afier the pass in a 
rototilled soil condition. The time lapse between the two measurements was about 2 to 3 h. 
The before and after locations were close to each other, so that the changes indicated were 
assumed to be due to a coulter pass. The differences in strength contours were related to 
differences in coulter design and soil condition. Also, these contours helped to establish the 
zone of influence of each coulter, and side or bottom compaction caused by coulters. 
The two parameters initially used to quantify the contours were the mean and the 
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Standard deviation of all data points obtained in a transect The results obtained from the 
field tests of 1995 (Table 7) fiuther show the problems involved. From Table 7 it can be seen 
that before and after mean values did not change significantly. This indicated that the overall 
mean was either not sensitive to changes caused by coulters in a narrow zone, or very small 
changes were caused. 
Table 7: Statistics for cone index profiles before and after coulter pass for 1995 tests. 
Coulter Mean^ (kPa) Standard Deviation (kPa) 
Before After Before After 
Ripple 255.0 228.3 a 155.0 142.5 
8Wave 197.3 207.2 a 119.0 126.6 
Plain 198.3 203.8 a 98.0 111.8 
25Wave 194.3 201.9 a 118.3 107.8 
' Means followed by same letters are statistically not different from each other. 
This led to development of other column based and spatial parameters. Another 
inference is that it may not be feasible to measure before and after strength contour, as they 
must be at different locations (however close). Instead it may be better to get an estimate of 
initial strength of soil using the column means for extreme positions from coulter center line. 
This may also be better, since in a day, the cone index might change with the changes in 
moisture content in the top layer over time. Graphs of penetrometer data can enable 
visualization of high strength or low strength regions. 
To be confident about quantifying the differences due to coulters, it would be better to 
have initial conditions that were more uniform than were obtained by rototilling. Cone index 
contours for various tillage treatments reported in Manor et al. (1991) indicated that the 
contour for no-till was the most uniform when compared to minimnm and conventional till 
for soybeans. Similar claims have been reported in other no-till conditions, and since 
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coulters are most widely used in no-till systems, it was decided to run the coulter tests in no 
till conditions. Coulter tests in 1996 were conducted in a no till field, and examples of cone 
index profile are shown in Fig. 11. The evaluation parameters calculated for each graph in 
Fig. 11 are shown in Table 8. Looidng at shades of contours in Fig. 11, it may be inferred 
that the overall mean for plain and 8-wave coulters would be lowest The weighted mean, 
described earlier, for 8-wave would be the lowest. The parameters Ml, M2, M3 indicate very 
little disturbance for plain and bubble coulter which is also reflected in a negative AMean 
value. The parameters indicate a smaller disturbance for 8-wave and greater disturbance for 
25 wave coulter. The parameters agree with the information conveyed by cone index 
contours in Fig. 11. Thus this technique can be used to quantify cone index contours 
obtained by using different coulters. The parameters would be more effective in leveled 
initial soil surfaces, and in conditions where cone index variation with depth was known and 
uniform. 
Table 8: Evaluation parameters for four cone index contours shown in Fig. 11. 
Coulter Mean (kPa) W-Mean (kPa) dMean (kPa) M-1 M-2 M-3 
plain 286.8 607.2 -16.9 1.24 1.34 1.71 
bubble 395.9 475.9 -36.8 1.42 1.41 1.47 
8-wave 238.8 115.7 5.6 0.92 0.79 0.67 
25-wave 430.3 361.7 44.1 0.71 0.57 0.55 
SUMMARY AND CONCLUSIONS 
Three measurement techniques that used a new soil profilemeter, a photography unit 
and scanner, and a cone penetrometer assembly were developed to measure soil disturbance 
caused by coulters, and were tested in three field conditions. 
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Fig. 11: Examples of cone index contours obtained after coulter pass (1995). Darker shade indicates higher cone index (kPa). 
Each position along transect is 37.5 mm apart. The contour depth may vary due to soil topography. 
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1. Profile parameters detected the changes in profiles caused by coulters in plant residue free 
soil, rototilled soil, and no till conditions. Variabilis in initial profile patterns and randomly 
sloping segments of profiles reduced the effectiveness of the profile parameters for 
comparing coulter treatments. 
2. Soil photoscanning parameters quantified the surface disturbance, and established the 
lateral zone of influence for each coulter design. Care must be taken to avoid erroneous 
results due to excessive wind and non uniform distribution of powder used to indicate soil 
disturbance. 
3. Cone index parameters measured strength variation in the disturbed zone, assuming a 
uniform initial strength pattern. The cone index parameters developed were able to show 
differences among coulters tested. The parameters are likely to be more effective for soil 
surface with known geometry, and when soil conditions are uniform spatially. 
The techniques and parameters developed can be used in field tests to compare coulter 
performance based on soil final conditions. With appropriate modifications, these methods 
might also be used to compare other tillage tools. 
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CHAPTER 3: COMPARING COULTERS BASED ON SOIL DISTURBANCE: FIELD 
AND SOIL BIN TESTS* 
A paper wntten to be submitted to the Transactions of ASAE 
R D Godbole\ S J Marie/, D C Erbach^ H M Hanna^ 
ABSTRACT 
Four coulter configurations: plain, bubble, 8-wave and 25-wave were compared, 
based on the soil disturbance they caused. Soil disturbance was measured in terms of surface 
disturbance, profile changes, and changes in cone index. Tests were conducted in rototilled 
and no till fields, and in loose and compacted soil bins. Bubble coulter caused low 
disturbance and the soil strength around its path was higher. Plain coulter caused greater 
surface and profile disturbance than caused by a bubble coulter. Plain and bubble coulters 
encountered low draft and vertical resistance. Soil strength disturbance by plain coulter was 
as wide as 8-wave coulter (75 mm) in no-till condition. 25-wave coulter resulted in high 
surface and profile disturbance, and widest band of loosened soil (150 m). However, 
substantial amount (300 gm) of soil was sticking to it in no till condition, and it encountered 
greater horizontal and vertical resistance forces in bin tests. 8-wave coulter caused the most 
surface and profile disturbance in all tests, as well as moderate strength disturbance (75 mm). 
The amount of soil sticking to it was much lower than for 25-wave coulter and the forces 
were lower. Based on this research, 8-wave coulter performance was less dependent on field 
conditions compared to other coulter designs, and it created desirable soil final conditions. 
'Journal Paper No. J-I7434 of the Iowa Agriculture and Home Economics Experiment Station, Ames, lA, 
Project No. 2910, and supported by Hatch Act and State of Iowa Funds. 
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Agriculniral Engineer, Dept. of Ag & Biosystems Engineering, Davidson Hall, ISU. Ames, lA, and Dr. D C 
Erbach. Research Leader, USDA-Agricultural Research Service. National Soil Dynamics Lab. Auburn, AL. 
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INTRODUCTION AND LITERATURE REVIEW 
Rolling coulters are integral components of virtually every conservation tillage and no 
till production system. Coulters are used to slice through crop residue to enhance 
performance of tine and sweep type implements, and often to perform some tillage ahead of 
the seed-furrow openers of planters. Coulters are sold in a surprising variety of diameters and 
configurations; plain, bubble, notched and fluted. Very few scientific studies on coulter 
performance in relation to soil changes it causes have been published and users have scant 
information on which to base purchase decisions. Industry and expert opinions are divided 
and they are often based on personal experience or farmer complaints rather than data 
(Godbole et ai., 1995). Not much is known about how the soil conditions are changed, and 
how germination, emergence and crop development are affected by a particular coulter. 
Producers want to know how soil and residue conditions affect coulter performance, and 
whether or not to use different coulters for different conditions. Therefore, coulters need to 
be evaluated using a systematic approach. 
A review of literature on coulter research (Godbole et al., 1995) found that most past 
studies made claims of one configuration being superior to another, often based on forces 
measued or residue cutting ability. While these parameters are important, they alone cannot 
serve as a basis for comparison of coulters since coulters perform one or more of the 
following functions: cut the residue, assist the disk opener in creating a slot for seed 
placement, and do a limited amount of tillage. Soil conditions created by coulters are likely 
to be critical to the planter performance. Better imderstanding of how a coulter manipulates 
soil may lead to improvement of existing coulter designs. However, there have been few 
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attempts made by researchers to study and quantify this (Godbole et al. (1995)). 
This research was undertaken to compare some popular coulter designs on the basis of 
the soil final conditions they create. Three measuring techniques developed to quantify the 
soil final conditions (Godbole et al., 1996) were; using a photoscanning method to measure 
the soil surface disturbance, measuring topography changes with a profilemeter, and 
measuring strength variation of the zone disturbed by coulters with cone penetrometer. 
Evaluation parameters were developed to analyze the data obtained by each method. 
Surface disturbance, i.e. exposing soil by the removal or burying of powder is caused 
by two mechanisms. One may be due to the lateral soil breakup, indicated by soil failure 
cracks appearing in the soil as the coulter cuts through the soil. Other contributions come 
from soil particles being pulled out of a slot that a coulter create. These particles then build 
up on the center line or are thrown sideways. So, although the photos may show wider 
surface disturbance, the actual disturbed zone may be small. Information on the disturbance 
zone was obtained from soil profile and cone index data. All three measurements combined 
are necessary to get a better idea about disturbance caused by a coulter design. The methods 
developed in Godbole et al. (1997) would be used to compare coulters. 
OBJECTIVES 
The objectives of this research were: 
1. To compare four popular coulter designs, (plain, bubble, 8-wave and 25-wave) based on 
soil disturbance in field and in soil bin tests using profile, photoscanning and cone index 
techniques. 
2. To develop recommendations about the coulter selection. 
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MATERIALS AND METHODS 
Field tests conducted in fyi-95 and summer-96, and bin tests conducted in Sept.-96 
used these measuring and analysis techniques. 
Field Tests 95: 
The field tests were conducted at the Iowa State University Agricultural Engineering 
Research Center (AERC) from 15 to 30 Oct. 1995. The soil was predominantly Webster and 
Nicolett clay loam. Plots used for these experiments were rototilled about 70 days (blocks I 
& 2) and 30 days (blocks 3 & 4) before the experiments. This was done to have leveled plots 
and uniform soil conditions in the field. Four coulter designs were used: Plain, Ripple, 8-
Wave and 25-Wave (Table 1). Soil type, moisture content, bulk density and cone index 
information for field tests in 1995 are contained in Table 2. Randomized complete block 
design with four replications was used. A John Deere 2995 tractor and a mounted toolbar 
were used to pull the coulters. The toolbar consisted of two gauge wheels and a standard 
Table 1 : Specifications of the coulter designs used in the study. 
Coulter Diameter (mm) Width (mm) Contact Area (mm^)' 
Plain 460 5.56 9785 
Ripple (54)'' 460 8.00 9785 
Bubble (18) 404 19.05 9631 
8-Wave 404 38.10 9631 
25-Wave 447 14.29 9728 
* Contact area is the coulter surface area in contact with the soil when coulter operating depth is 50 mm. This 
area is based on depth and diameter of a coulter. The actual surface area is different due to waves and bubbles, 
'dumber in the bracket refers to number of convolutions when not mentioned in the name. 
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Table 2: Soil properties measured before field experiments for each block in 1995. 
Block SoU 
Type 
BD 
(Mg/m^) 
MC (Mg/Mg) MC forpicnires<^ (MgMg) Cone Index (kPa) 
Mean" s-d." Mean s.d. Mean s.d. Mean 
1 W 1.10 0.06 0.186 0.010 — — 216.0 
2 W 1.06 0.05 0.191 0.013 0.131 0.009 229.2 
3 N 1.09 0.06 0.167 0.021 0.166 0.009 159.4 
4 N 1.06 0.05 0.176 0.010 — — 159.7 
* Soil type is W: Webster; N: Nicolett (USDA, 1981) 
** Mean and s. d. based on 16 samples per block. 
"Pictures were taken on a different day for block 2 and 3. 
Fig. 1: Schematic of the toolbar used to mount coulters in field tests 
John Deere coulter mounting clamp at the center of the toolbar [Fig. 1]. The coulters were 
operated at 50 mm depth at a forward speed of 8 km/hr. Depth control was achieved in the 
following manner: All coulters were color mariced on their periphery for 50 mm depth. The 
toolbar was lowered and the gauge wheels were allowed to settle in the soil. Then the coulter 
blade was lowered into the soil to the 50 mm mark. A check was made to see if the coulter 
blade actually created a 50 mm deep slot. However, due to field topography, hard spots and 
vibrations, it was likely that the coulter depth varied somewhat about a 50 mm mean depth. 
Photos for surface disturbance analysis, profile measurements, and cone index measurements 
were made on all the plots as described in Godbole et al. (1996). 
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Field Tests 96: 
The testing was done on field 60 at the Iowa State University AERC between May 25th 
and June 14,1996. A randomized complete block design with eight replications was used for 
these experiments. The field was no till soybeans in 1995, and soils belonged to the Nicolett 
and Clarion clc^ loam family. Each plot was 15 m long and was hand raked before the tests to 
remove most of the residue fiom the row. Raking was done to have a relatively cleaner field so 
that the soil disturbance could be better observed. Weeds were removed by hand when 
necessary. The coulters used in the tests were: Plain, Bubble, 8-Wave and 25-Wave. Testing 
for each block was conducted on a separate day in the following order. After raking the plots, 
five "before profiles" were obtained using the soil profilemeter for each coulter pass. Eight soil 
samples (2 per pass) were collected to obtain bulk density and moisture content Table 3 lists 
the soil properties measured for each block at the time of field tests. 
Two "before pictures" per pass were obtained. One pass for each coulter was made 
and following the coulter passes five "after pictures" were obtained. The area covered by 
Table 3: Soil properties measured before field experiments for each block in 1996. 
Block Sou Type" MC(%) BD Cone Index 
No. (Mg/Mg) (Mg/m^) (kPa) 
mean" s.d." mean s.d. mean^ 
I C 0.155 0.019 1.32 0.09 362.6 
2 CN 0.187 0.012 1.14 0.07 324.3 
3 CN 0.195 0.009 1.13 0.12 329.3 
4 N 0.169 0.023 1.08 0.17 308.2 
5 N 0.172 0.014 1.10 0.12 340.4 
6 N 0.172 0.009 0.99 0.08 362.7 
7 N 0.163 0.014 1.05 0.08 490.1 
8 NC 0.163 0.006 1.09 0.09 399.2 
^ Soil type is C: Clarion; N: Nicolett; CN: Clarion'NicoIett and NC: Nicolett-Clarion (USDA, 1981) 
^ Mean and Standard deviation are based on 8 samples per block. 
^ Before cone index could not be obtained directly so it was estimated for each block from the average 
of column means for positions I and 7 for each cone index data set collected (Godbole et al. 1996). 
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each picture was 813 cm^ (35.5 cm x 22.8 cm). Cone-index measurements at two transects 
along the coulter pass were made after that Seven probe locations 75 mm apart were used 
along each transect. Lastly, five "after profiles" were obtained on the same transects as the 
"before profiles". The profiles obtained were separated fix>m each other by 30 mm. The time 
required for data collection for each block was 5 hours. For blocks 5-8, the soil sticking to 
coulters was collected in paper bags after each pass. 
Side Experimeiit 96: Some plant performance data would be usefiil to rate the 
coulter design, since a better coulter design should lead to improve plant performance. The 
com was planted in an area adjacent to where coulter field tests were conducted and to 
investigate if the coulter tests could be related to population count and yields. Com was 
planted in five 75 cm rows, each row planted with a different coulter; shallow 8-wave (25 
mm width), 8-wave, 25-wave, bubble, and plain coulter. For blocks 5 to 8, ten rows (two per 
coulter) 40 to 60 m long, were planted each day of the testing. Populations and yields were 
measured, and yields obtained were adjusted for moisture contents. However, the experiment 
was rather small and not randomized, so the results will have limited meaning. 
Bin Tests 96: 
To have more control over uniformity in initial soil conditions, tests were conducted 
in Sept. 96 in the soil bins of National Soil Dynamics Lab., Auburn, AL. Four experiments 
(four soil conditions) each using randomized complete block design (4 blocks (Table 4)) 
were conducted. Coulter designs were the same as in the field tests of 1996 (Plain, Bubble, 
8- wave, 25-wave). Soils were Davidson clay, Decatur clay loam and Norfolk sandy loam. 
Decatur clay loam was compacted with a roller and was relatively dry. Two conditions of 
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Table 4: Soil properties measured before soil bin experiments for each test in 1996 
Soil Type* and SjTObol MC (Mg/Mg) BD (Mg/ta^) Cone Index*^ 
Mean" s-d." Mean s.d. Mean 
Decatur Clay Loam [C-1] 0.067 0.0039 1.45 0.022 331.2 
Davidson Clay [C-2] 0.134 0.0180 1.03 0.024 — 
Norfolk Sandy Loam [S-1] 0.107 0.0209 1.07 0.033 330.3 
Norfolk Sandy Loam [8-21 0.074 0.0107 1.34 0.019 705.5 
'Baichelor J. (1984) 
"^ean and s.d. based on 8 soil samples obtained. 
'^ Cone index reported is the average cone index for 125 mm depth. 
Norfolk sandy loam were achieved by adjusting moisture contents and number of roller 
passes. Davidson clay soil was in an outdoor bin where soil was very lightly rolled about 30 
days before testing and allowed to settle. One picture was obtained after each coulter pass 
and the area covered by each picture was (51 cm X 30 cm) 1530 cm^. 
Statistical Analysis: 
Data were analyzed using one way analysis of variance (ANOVA); measured or 
calculated parameters were the dependent variable and coulter designs were the independent 
variable. Significance among means was evaluated using Ryan-Einot-Gabriel-Welsch 
Multiple Range Test (REGWQ) (SAS, 1990). Results were considered significant at the 0.05 
probability level. 
RESULTS AND DISCUSSION 
Photoscanning Results; 
The soil photographs were obtained for field tests of 1995, 1996, and bin tests of 
1996. Evaluation parameters used were the average width of the disturbed strip by coulters 
calculated based on disturbance, the number of mini soil elements, and center of area of the 
disturbed zone (Godbole et al. 1997). The number of mini soil elements results appeared to 
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be rather random in nature, but this parameter was not pursued because most (70 to 90%) of 
the disturbance for each picture was continuous because soil was disturbed in a band in most 
cases. Also, the number of elements with any meaningful area was too small. The center of 
area of the disturbed zone was near the center line (within 5 nam) for most tests indicating the 
average disturbance to be even on both sides. 
Field Tests 95: From the results shown in Fig. 2-a and Table 5, it can be seen that 25-
wave and 8-wave coulters caused maximum disturbance. Moisture content seemed to have 
no major effect and bulk densi^ was nearly constant. Lower disturbance can also be 
attributed to fluffy soil due to the rototilling operation. This is supported by the lower 
average initial cone index values (Table 2). 
Table 5: Results for photoscanning parameter in the field tests 1995. 
Coulter Treatment Average Strip width (cm)* 
25 Wave 7.53 a 
8 Wave 5.78 ab 
Ripple 4.21 b 
Plain 3.76 b 
REGWQ critical range 2.28 
* Means followed by same ieners are not difiTerent from each other at O.OS level. 
Field Tests 96: Results shown in Fig. 2-b and Table 6, indicate that 25-wave and 8-
wave coulters consistently caused more disturbance than the plain and bubble coulters. In 
1995 tests results were less consistent for all the blocks (Fig. 2-a). Another notable result in 
1996 was that the plain coulter caused more disturbance than the bubble coulter on most 
days. This may be due to adhesion between soil and coulter in firm no till conditions (Table 
3). The consistent behavior (i.e. 8-wave and 25-wave consistently doing more disturbance) 
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Fig. 2: Disturbance caused by coulters quantified in terms of average strip width. 
For soil conditions refer to Tables 2 and 3. 
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can be attributed to the relatively firm soil and unifonn field conditions existing due to no till. 
This is also supported by the low variation in bulk density, and increased initial average cone 
index values for most blocks (compare Table 2 with Table 3). There is no obvious effect of 
moisture content and bulk density on disturbance (Fig. 2-b and Table 3). However, due to 
firmer top soil conditions in 1996, disturbance by 8-wave and plain coulters increased greatly 
firom their 1995 values. 25-wave and bubble coulter disturbance did not change as much. 
Table 7 shows the coefficient of variation (C.V.) for average strip width for each 
treatment. The plain, bubble and ripple coulters have low strip width and higher C.V. values 
compared to 8-wave and 25-wave coulters. This indicates that spatial variation (along the 
coulter pass) of the surface disturbance for the plain, bubble and ripple coulters was more. 
This means the soil properties are likely to affect them more then the wavy coulters. 
Table 6: Results for picture evaluation parameter in the field tests 1996. 
Coulter Treatment Average Strip width (cm)' 
25 Wave 8.94 a 
8 Wave 8.86 a 
Plain 6.14 b 
Bubble 4.63 b 
REGWQ critical range 2.66 
* Means followed by same letters are not different from each other at O.OS level. 
Table 7: Coefficient of variation for average strip disturbed. 
Coulter Year 1995 Year 1996 
Average Strip' C.V. (%)" Average Strip C.V. (%) 
Plain 3.75 14.98 6.19 25.26 
Ripple 4.50 17.64 NA 
Bubble NA'' 4.64 38.24 
8-wave 5.73 9.33 8.84 12.53 
25-wave 7.53 11.86 9.09 11.16 
' Average strip is the mean of average strip width for all blocks. 
Coefficient of variation (lo basis) was calculated for individual block and then averaged. 
' Bubble coulter was not used in 199S, instead a ripple coulter was used. 
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Bin Tests 96; (National Soil Dynamics Laboratory): The initial surface was even and 
flat due to rolling. The absence of wind made it easier to spread the powder more evenly on 
the surface. Due to these reasons no 'before picture' was taken to estimate initial black area 
(assuming it to be zero) and only one picture was taken after each treatment From the results 
shown in Fig. 2-c and Table 8 it can be concluded that 8-wave coulter did the most 
disturbance. Soil condition clay 2 was a fluffy condition because the soil was not compacted 
at all. Soil firmness did not have a significant effect on 8-wave coulter. 25-wave, bubble and 
plain coulter disturbance increased with bulk density increase in clay loam but not so much in 
sandy loam. It may be inferred that 8-wave coulter disturbed more due to its wider geometry. 
Soil firmness and moisture content did not affect 8-wave performance as much as the other 
coulters. Firmness and coulter-soil adhesion may be important for 25-wave coulter. In clay, 
the plain coulter did very little disturbance in fluffy condition (C-2). In sand it disturbed 
more in less firm and wetter condition (S-l) than in S-2. In very highly compacted sand (S-2) 
it left behind a clean slot with very little soil disturbance. Bubble coulter disturbance seems 
to be a function of soil bulk density in sand and clay. Adhesion effects might be insignificant 
for the bubble coulter unlike in the case of the plain coulter. It was observed that surface 
Table 8: Results for picture evaluation parameter in bin tests 1996. 
CLAY 1 (C-1) CLAY 2 (C-2) SAND (S-l) SAND (S-2) 
Coulter Treatment Strip Width* Strip Width Strip Width Strip Width 
(cm) (cm) (cm) (cm) 
8 Wave 5.46 a 5.46 a 7.03 a 7.38 a 
25 Wave 5.16 ab 3.17 b 6.12 a 6.32 a 
Bubble 4.13 ab 2.80 b 2.80 ab 3.75 b 
Plain 3.95 b 1.65 b 1.47 b 1.08 b 
REGWQ critical range 1.28 1.71 1.31 2.44 
* Means followed by same leners are not different from each other O.OS level. 
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disturbance by 2S-wave and 8-wave coulters in field tests was statistically not different In 
bin tests 8-wave coulter disturbance was similar in both conditions in each soil. Ii compact 
soil conditions, the 25-wave coulter caused the highest disturbance. 
Profile Results: 
Measuring techniques and parameters developed for data analysis were explained in 
Godbole at al. (1997). The parameters were Yrms, Slope-rms, Abs-Area, and number of 
boxes. The soil profiles obtained firom the transects were compared based on parameter 
differences (A) for before and after profiles at each transect. 
Field Tests 1996: At each transect there may have been errors in locating the 
profilemeter on the exact same spot for before and after profiles. For each transect the 
differences between initial and final profiles were calculated for all four parameters. The 
results obtained for those differences in variables are given in Table 9. From Table 9 and 
Fig. 3 it is seen that there is a lot of variabilis in the data. As the testing was conducted in a 
no till field, the soil roughness can be considerable due to row geometry, and since coulters 
do a limited disturbance the changes may not be detected by the 'after profiles' in all cases. 
This can explain some of the variability. Profile changes seemed to have little correlation 
with moisture content, bulk density, and soil firmness (Fig. 3 and Table 3). Although there 
were no statistical differences, the 25-wave coulter had the greatest observed changes in soil 
profiles. Changes caused by other coulters were similar to each other and less than change by 
the 25-wave. And as in the photoscanning technique, the bubble coulter caused the least 
changes; less than by plain coulter. However, it must be remembered that these are treads. 
The high variability in these parameters can be attributed to two factors. In the field, the 
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initial profiles do not have any known pattern and are quite rough and the changes caused by 
coulter pass are difficult to detect. The spatial variabilis in soil properties and surface 
profiles only adds to that problem. For the evaluation parameters to do a better job, testing 
on before soil profile that is leveled or has known patterns might be helpful. However, this is 
difScult to achieve in natural field conditions such as used in these tests. One solution may 
be to obtain more profiles and use the average differences for analysis. 
Coulter AYrms* ASlope-rms AArea(mm^) 
25-Wave 2.355 a 1.06 a 577.0 a 
8-Wave 1.131 a 0.52 a 315.7 a 
Bubble 1.058 a 0.34 a 239.2 a 
Plain 1.308 a 0.18 a 320.8 a 
REGWQ Critical range 2.59 0.88 645.2 
* Means followed by same letters are not different from each other at O.OS level. 
Bin Tests 96: Since the initial condition was a horizontal flat surface, only two 
representative curves were obtained to estimate the initial parameters for each block in the 
four experiments. Two profiles were obtained after each coulter run. Differences (A) for the 
three parameters were obtained by subtracting parameters for appropriate representative 
curves from parameters for each profile. These differences (A) were compared. 
From results shown in Table 10 (a-b), the changes in parameters were much higher 
than in the field tests (Table 9). This higher change can be attributed to a much smoother 
before surface. Except in the drier clay soil, the 8-wave coulter caused the most change 
based on all three parameters. The 25-wave coulter was second in terms of area change. 
Plain and bubble coulters behaved similarly except in drier clay condition. In compacted and 
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drier clay (C-l), the change in parameters was higher than in C-2. The change was lower for 
compacted and drier sand (S-2) than in S-1. Therefore it is thought there may be a combined 
effect of moisture and compaction. Another related observation for the clay condition (C>1) 
was that the soil had no clods (loose) and exhibited very little cohesion which explains some 
differences in the results. 
Table 10: a) ANOVA results for profile evaluation parameters obtained for bin tests 1996. 
Clay 1 (C-l) Clay2(C-2) 
Coulter AYrms^ ASlope-rms AArea Coulter AYims ASlope-rms AArea 
(mm) (mm^) (mm) (mm^) 
Bubble 3.53 a 1.36 a 496.9 a 8-Wave 2.87 a 0.54 a 564.2 a 
Plain 3.52 a 1.89 a 544.2 a Bubble 2.39 a 1.07 a 378.1 a 
25-Wave 2.79 a 1.24 a 507.0 a Plain 2.05 a 1.41 a 314.2 a 
8-Wave 0.93 a -0.85 a 223.9 25-Wave 1.89 a 0.30 a 378.7 a 
* Means followed by same leners are not different from each other at O.OS level. 
Table 10: b) ANOVA results for profile evaluation parameters obtained for bin tests 1996. 
Sand(S-l) Sand (S-2) 
Coulter AYrms® ASlope-rms AArea Coulter AYrms ASlope-rms AArea 
(mm) (mm^) (mm) (mm^) 
8-Wave 6.56 a 1.85 a 1273.5 a 8-Wave 4.53 a 1.30 a 1110.4 a 
25-Wave 3.96 a b 2.35 a 576.2 b Plain 2-19 a b 1.85 a 414.4 b 
Plain 3.53 a b 2.92 a 272.7 b 25-Wave 1.98 a b 0.73 a 632.7 b 
Bubble 2.67 b 1.42 a 257.8 b Bubble 1.13 b 0.67 a 436.7 b 
* Means followed by same letters are not different from each other at O.OS level. 
Cone-penetrometer Results: 
As explained in Godbole et al. (1996a) data were obtained along a transect at fixed 
locations with reference to the coulter center line. Thus the data for each transect was 
considered to be a matrix of m rows and n columns. The data were analyzed with the help of 
three parameters. The first was the overall mean of all the data points in such a matrix. The 
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Fig. 4; Offset pattern used for cone index measurements and the effective transect area 
second was the distance weighted mean calculated with reference to a fixed point located on 
the center column and at 50 mm from the surface. This point was chosen since each coulter 
was supposed to have run at 50 mm depth. The AMean was the third parameter that 
measured the difference in the mean strength of the disturbed zone before and after the 
coulter pass. In addition to these, three column means based parameters, M-a, M-b, M-c 
(1995), and M-1, M-2, M-3 (1996) were developed (Godbole et al., 1997). 
Field Tests 95: For each transect, 9 locations were used and the farthest two locations 
(1,9) were 150 mm on either side of the center line. At each location, data were obtained to 
a depth of 150 mm in steps of 6.6 mm. Thus each data set was a 24 X 9 matrix. The results 
using following parameters are shown in Table 9. 
M95 = The average of column means for positions 1,2,8 and 9 (A measure of average cone 
index of the undisturbed plots). 
M-a = Average (3,4,5,6,7) / M95 
M-b = Average (4,5,6) / M95 
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M-c = Average (5) / M95 
AMean = M95 - M (3,4,5,6,7) 
Results in Fig. 5 and Table 11 indicate that the changes in strength of the disturbed zone are 
restricted to a very narrow region. All the parameters show no significant differences for 
treatments. The low disturbance in general can be attributed to very fluf '^^  soil, indicated by 
the low bulk density and low cone index (Table 2). M-a, M-b and M-c values are near to 
unity for all the coulters except for 8-wave. This meant strength changes caused by for all 
coulters were minimal, and very small changes were observed for 8-wave coulter which was 
the widest. It can be inferred that the disturbance was due to soil particles being displaced by 
coulter geometry, and that effects of adhesion between soil and coulter, and effects of soil 
failure due to cutting action of coulter were minimal. The soil may have had minimal 
structure due to the rototilling operation and behaved much like a bed of loose particles. 
Table 11: Cone Index Results: ANOVA for Field Tests 1995. 
Coulter Mean' AMean Weighted Mean M-a M-b M-c 
Ripple 213.9 a 9.13 a 174.38 a 0.98 a 0.97 a 0.96 a 
25-Wave 193.6 a -21.06 a 210.41 a 1.14 a 1.09 a 1.09 a 
8-Wave 192.4 a 11.58 a 159.14 a 0.92 a 0.92 a 0.80 a 
Plain 181.5 a -8.02 a 174.38 a 1.06 a I.14a 0.97 a 
REGWQ critical range 60.89 71.68 193.08 0.27 0.36 0.32 
* Means followed by same letters are not different from each other at O.OS level. 
Field Tests 96: From the field tests of 1995 an estimate of lateral influence zone for 
each coulter was obtained, since, the maximum average strip was 7.5 cm and the ratio M-a 
was near to unity for all coulters. Based on that, 7 locations were thought to be enough to see 
the influence of coulter on soil strength. Also, due to the destmctive nature of the 
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penetrometer tests the average of locations 1 and 7 (the two farthest points from coulter pass) 
was used to represent the initial soil condition in terms of cone index data. It was assumed 
that within each block the initial soil conditions were likely to be similar. This assumption 
was validated by the fact that means 1 and 7 are statistically not different across four coulter 
treatments for all eight blocks, and the observed variability in moisture content and bulk 
density values (Table 3) was low. The influence of a coulter pass was not observed beyond 
75 mm depth and so the data were obtained to a depth of 105.6 mm in 16 steps of 6.6 mm. 
Parameters based on column means similar to those developed for field tests 1995 were 
developed. 
M96 = The average of column means for positions 1 and 7 ( An estimate of average cone 
index of the imdisturbed plots). 
Ml = Average (2,3,4,5,6) / M96 
M2 = Average (3,4,5) / M96 
M3 = Average (4) IM96 
AMean = M96 - M(2,3,4,5,6) 
The results shown in Table 12 and 13, and Fig. 6 and 7 indicate that bubble coulter caused 
the smallest soil strength change. This can mean two things: either it caused very little 
disturbance, or it caused compaction. AMean parameter is nearly zero (and negative) 
indicating that the disturbed zone had about equal strength as the undisturbed zone. 
Parameters Ml, M2 and M3 were near unity for bubble coulter meaning the strength changes 
were restricted to a very narrow zone around the center line of the pass (position 4). Based 
on AMean the 25-wave coulter was the most aggressive followed by 8-wave and plain 
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Table 12: ANOVA results for cone index evaluation parameters for field tests 96. 
Coulter Mean* AMean Weighted M-96 Column 
Mean mean 4 
Bubble 414.4 a -3-08 b 361.1 a 406.6 a 357.5 a 
Plain 318.6 b 14.21 ab 199.2 b 354.1 a 235.8 b 
8-Wave 281.6 b 13.93 a b 225.1 a b 316.4 a 221.2 b 
25-Wave 314.0 b 27-65 a 196.0 b 383-1 a 218.3 b 
* Means followed by same letters are not different from each other at 0.05 leveL 
Table 13: ANOVA results for cone index evaluation parameters for field tests 96. 
Coulter Ml'' M2 M3 
Bubble 1.08 a 1.00 a 0.92 a 
Plain 0.92 a b 0.83 a b 0.73 a b 
8-Wave 0.90 a b 0.79 a b 0.72 a b 
25-Wave 0.77 b 0.65 b 0.60 b 
* Means followed by same letters are not difierent from each other at 0.05 leveL 
coulters. Parameters mean and weighted mean gave similar results. For plain and 8-wave 
coulter, the disturbance seems to be restricted to positions 3,4, 5 (75 mm) as Ml is closer to 
unity (0.92), and the values of M2 and M3 are about 0.8 and 0.72. For 25-wave coulter the 
disturbance was detected as far as positions 2, 3,4,5,6 (150 mm) and the Ml, M2, M3 ratios 
are much lower. This means the disturbance was much greater and further from the coulter 
pass for the 25-wave coulter than for the other coulters. Fig. 6 shows the variation of overall 
means for all blocks. There seems to be no correlation between any of the parameters, anH 
the moisture content and bulk density. The weighted mean cone index for bubble coulters is 
higher than for other coulters. This suggests the possibility of compaction due to bubble 
coulter since the soil close to coulter pass has higher strength. Column means for individual 
coulters for 8 blocks have also been plotted (Fig. 7). The curves for bubble coulter shows 
random variation about a mean line, and the cone index values are higher. If there was 
substantial disturbance, the column means for positions 4, 5 and 6 would have been lower. 
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Therefore it may be concluded that bubble coulter caused low disturbance. The curves for 
plain and 8-wave coulters tend to be parabolic in nature for most blocks, however, there is 
some evidence of random variation. An interesting observation was that plain coulter caused 
as much disturbance as the 25-wave coulter. Variation of cone index means for 25-wave 
coulters were parabolic and su£fered least from random variation. 
Soil Sticking (field and bin tests 96): 
Soil sticking to coulter blades is a complaint reported in some conditions. To 
investigate this problem, soil sticking to coulters was collected in field tests for block 5,6,7 
and 8. After each coulter run, soil sticking to coulter was scraped with a knife and collected 
in paper bags. These paper bags were air dried for about 15 days and were weighed. Results 
obtained are shown in Table 14 and Fig. 8. Soil sticking to 25-wave coulter was much higher 
than for 8-wave and plain coulter. 
Table 14: Soil Sticking to coulters. 
Soil Sticking to coulters (gms)' 
Blocks Block 6 Block 7 Blocks ANOVA Results 
M.C. 17.2% M.C. 17.2% M.C. 16.3% M.C. 16.4% 
25-Wave 406.99 506.78 79.25 132.23 281.3 a 
8-Wave 38.41 92.85 4.06 0 33.8 b 
plain 30.59 27.79 13.66 8.87 20.2 b 
bubble 0 0 0 0 0.0 b 
* Means followed by same letters are not different from each other at 0.05 level. 
Soil sticking has two components, one due to adhesion parallel to surface and one due 
to normal forces and that the normal component is much higher for a given normal load on 
the surface (Chancellor, 1994). Waves of 25-wave coulter are at 65® angle to coulter plane of 
rotation so it is likely to exert considerable normal stress on the soil. The front half of the 
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blade is pushing into soil and moderately moist soil may have a tendency to stick to the 
surface due to the normal stress. The pulling forces generated by rear half of the blade may 
not be enough to scrape off this soil. For 8-wave coulter the normal stress may be lower as 
the effective angle of the wave with the travel plane is lower (28**). Some soil sticking is 
caused by the normal component, but more is due to adhesion (Chancellor, 1994). For the 
plain coulter, soil sticking is due to adhesion except for its wedged periphery. Bubble coulter 
had negligible soil sticking to it as it tends to push the soil away from it with the bubbles 
instead of trapping it. In bin tests no soil was found to stick to any coulter. Soil sticking may 
be attributed to higher initial cone index (normal force) and higher moisture (Table 4). 
Forces: Bin Tests 96: 
The horizontal and vertical forces acting on coulter blades were measured every 0.1 s 
for 2 seconds (about 4.75 m of coulter travel) in soil bins. Also, the velocity ratio X was 
calculated and was found to be unity in all cases. This data was analyzed for average 
horizontal force and average vertical force for 4.75 m coulter travel. The results are shown in 
Fig. 9 and Table 15 and 16. The 25-wave and 8-wave coulters met with the greatest observed 
resistance under all four soil conditions. This might be attributed to their width as well as the 
geometry with waves and sharp edges. The lower observed soil resistance to bubble coulter 
may be due to smoother surface geometry. However, in three out of four test conditions there 
were no statistical differences. The wet and compact sand condition (S-2) resulted in highest 
forces followed by C-1, S-1 and C-2. Initial soil compaction seems to be an important factor 
for forces acting on coulters in both conditions. In addition a check was made on this data for 
possible cyclical behavior. No cyclical behavior was found that could be correlated to design 
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Table 15: Horizontal draft and vertical lift forces acting on coulter in soil bin tests. 
Clay 1 (C-1) Clay2(C.2) 
Coulter Drafted Lift(kN) Draft (kN) Lift(kN) 
25-Wave 0.177 a 0.270 a 0.051 a 0.096 a 
8-Wave 0.172 a 0.255 a 0.044 a 0.088 a 
Bubble 0.150 a 0.223 a 0.040 a 0.073 a 
Plain 0.149 a 0.230 a 0.039 a 0.083 a 
REGWQ critical range 0.06 0.09 0.016 0.026 
Table 16; Horizontal draft and vertical lift forces acting on coulter in soil bin tests. 
Sand (S-1) Sand(S-2) 
Coulter Draft (kN) Lift(kN) Draft (kN) Lift(kN) 
25-wave 0.175 a 0.265 a 0.435 a 0.623 a 
8-Wave 0.170 a 0.252 a 0.386 a 0.560 a 
Plain 0.148 a 0.229 a 0.288 b 0.419 b 
Bubble 0.142 a 0.214 a 0.286 b 0.421 b 
REGWQ critical range 0.098 0.138 0.095 0.135 
Means followed by same letters are not difTerent from each other at 0.05 level. 
features such as bubble or wave frequency. A reason for not being able to see any cyclical 
pattern might also be the low resistance and high random variation. The lift force numbers 
behave similarly to the draft force, higher draft is accompanied by higher lift. With higher 
lift forces the toolbar weight required for depth control of coulters increases. 
Side Experiment (Planter Performance); 
Com populations ranged from 67800 to 69450 plants/Ha which suggest that the 
coulter had little effect at the emergence stage. Fig. 10 shows the yield variations for each 
block. The yields obtained for the com planted using the 8-wave coulters were about 40 % 
higher than the yields obtained using bubble, plain and 25-wave coulter. For given 
conditions the disturbance caused by 8-wave coulters was favorable for com yields. Iqbal 
(1996) observed that disturbance due to a triple coulter treatment helped avoid soil smearing. 
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Fig. 10: Yields obatined for the com planted using different coulters between 11th and 14th June 1996. 
8 Wave-d coulter was used in field tests as well. 8Wave-s coulter was 25 mm wide and was used only in the side experiments 
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but did poorly based on plant growth parameters as against a no-coulter treatment that 
resulted in smearing by the seed furrow openers. Plant growth parameters were fovorable for 
single coulter arrangement, however, some evidence of smearing was observed. Based on 
that study, the results of coulter tests and side experiments indicate that disturbance by 8-
wave coulter may be good for plant growth. 
SUMMARY AND CONCLUSIONS 
1-a. Firmer soils resulted in increased surface disturbance for all coulter designs. 8-wave 
coulter and 25-wave coulters created disturbed soil strips wider than caused by plain and 
bubble coulters in all conditions. They disturbed strips from 90 mm wide in the no till 
condition to about 60 mm in the bin tests. The plain coulter did more disturbance (60 mm) 
than the bubble coulter (45 mm) in the no till field tests. 
1-b. Surface variability in the field reduced the effectiveness of the profile meastirement 
technique; however, the 25-wave coulter caused the maximum changes to soil profiles. In 
the bin tests, 8-wave coulter caused the most changes in soil profiles and displaced the most 
soil. 
1-c. The 25-wave cotilter caused the widest and most uniform strength disturbance as 
evidenced by cone index column mean variation, AMean, and low weighted mean 
parameters. 25-wave disturbed a region at least 150 mm wide, and 8-wave and plain 
disturbed at least 75 mm wide. The bubble coulter caused the least disturbance near the 
center line and may have caused some compaction around the center line as endorsed by 
higher weighted cone index means. 
2. Photoscanning and cone index techniques quantified the changes in soil caused by coulters 
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in field tests. The profile technique works better if tests are conducted on relatively well 
leveled soil surface. Based on these techniques, the 25-wave coulter was the most aggressive 
coulter in most field and bin conditions, when ail the factors; stirface disturbance, profile 
disturbance, cone index changes, soil sticking to coulter, draft forces and the weight 
necessary for depth control were considered together. 
3. The bubble coulter did the least disturbance and possibly caused compaction aroimd its 
travel path. The plain coulter did more disturbance than the bubble coulter in moderately wet 
and firm soil conditions. 25-wave coulter caused the widest disturbance, but required highest 
draft and toolbar weight, and suffered fi*om soil sticking phenomenon. The 8-wave coulter 
caused the most surface and profile disturbance, and moderate strength disturbance in almost 
all field and bin conditions. It required lower forces and toolbar weight than the 25-wave in 
bin tests. 8-wave coulter performance was less dependent than other coulters on soil 
moisture and firmness, since it performed similarly in a variety of field conditions. 
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CHAPTER 4: PREDICTION AND ANALYSIS OF LATERAL SOIL 
DISPLACEMENT DUE TO ROLLING COULTERS* 
A paper written to be submitted to the Transactions of ASAE 
R D Godbole\ S J Marl^r^, D C Erbach^ H M Hanna^ 
ABSTRACT 
Little effort has been made to relate the design features of coulters to the soil 
disturbance they cause. Understanding how coulters displace the soil sideways is an 
important step in that direction. Experiments were conducted to simulate the coulter travel 
past a series of soil particles at five depths (0 to 40 mm), whose initial positions (X, Y, Zinmai) 
were known. All coulters were operated at a depth of 50 mm. Lateral displacements (AZ) 
these soil particles would undergo were recorded under constant contact and plastic soil 
assumptions. The total displacement (Zcotai) on either side of the coulter surface at a given (X, 
Y) position along the coulter path was calculated to estimate the width of the slot created by 
coulters assuming plastic soil condition. For all; bubble, 8-wave and 25-wave coulters, the 
disturbance decreased with increasing soil depth. The 8-wave coulter caused the greatest 
displacements at all depths. At the surface, the Ztotai variation [(max - min)/mean] for an 8-
wave was about 43%. For a 25-wave coulter, displacements were lower than those of an 8-
wave, but the surface Ztoui variation was the lowest (6%). The bubble coulter caused the 
lowest displacement and surface Zmuu variation was 13%. The 8-wave coulters would create 
' Journal Paper No. J-17433 of the Iowa Agriculture and Home Economics Experiment Station, Ames, lA, 
Project No. 2910, and supported by Hatch Act and State of Iowa Funds. 
' Authors are R D GodboK, Ph.D. Candidate, Dr. S J Marley, Professor, Dr. H M Hanna, Extension 
Agricultural Engineer, Dept. of Ag & Biosystems Engineering, Davidson Hall, ISU, Ames, lA, and Dr. D C 
Erbach, Research Leader, USDA-Agricultural Research Service. National Soil Dynamics Lab, Auburn, AL. 
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the widest slot, followed by 25-wave and bubble coulters. The photoscanning results in soil 
bins and cone penetrometer data obtained in the no-till field support these results. It was also 
concluded that soil displacement was less dependent on width and number of convolutions, 
and more dependent on which point of the wave (or bubble) acted as a starting contact point 
for the soil. The lower the wave angle with the travel plane, the lesser the chances of lateral 
and downward motion (and hence the compaction caused). 
INTRODUCTION 
To compare rolling coulters based on soil disturbance, Godbole et al. (1996) 
developed evaluation techniques based on measurable soil final conditions. Coulters were 
compared in field and bin tests using the techniques developed (Godbole et al., 1997). These 
tests were useful for quantifying and comparing coulter disturbance. The tests were not 
replicated in a variety of field conditions, so their results may be site and condition specific. 
Also, it is not easy to relate the soil disturbance to coulter design features, as not much is 
known about coulter-soil interaction. 
Very few studies in the past have investigated the coulter-soil interaction (Godbole et. 
al, 1995). Queiroz et al. (1994) examined stress distribution on a coulter blade with the help 
of finite element method. Tice et al. (1991, 1992) examined force models proposed for a 
plain coulter and studied the forces acting on a plain coulter in bin studies. Simulation 
software and finite element method (FEM) may make it possible to model coulter-soil 
interaction. Even models proposed for solving relatively simple stress strain problems have 
made simplifying assumptions (Raper and Erbach, 1990). Some relationships have been 
proposed for modeling dynamic behavior of soil-tool interaction (Kushwaha and Shen, 1996). 
86 
However, studies that have been made suffer from the limited soil constitutive relationships 
available; the soil elasto-plastic behavior, low tensile strength of soil and separation of soil 
particles, the cohesion and adhesion that come into play within the soil and at the soil 
implement interface, and the effect of soil water content on all these factors. Therefore 
attempts to model soil-tool interaction have had limited success. 
Soil particles coming in contact with coulters do not stay in their initial position (X, 
Y, Z) after a coulter pass, nor do they stick to the coulter in all cases. It is difScult to predict 
the final position of the soil particles as factors such as soil structure (texture, particle size 
distribution and moisture), normal pressure due to surrounding soil particles (bulk densi^), 
coefScient of friction (texture and moisture), adhesion (material properties and moisture) 
between soil and coulter surface may influence the particle motion. These and other factors 
combine to determine how the soil will break up due to a coulter pass; i, e. how the soil will 
fracture and how the loose soil will be displaced by the coulter. This paper analyzes the 
lateral soil displacement caused by coulters. 
OBJECTIVES 
The objectives of this research were: 
1. To simulate the coulter movement through soil and to predict lateral soil displacement 
caused by plain, bubble, 25-wave and 8-wave coulters. 
2. To compare the soil displacement predicted for each coulter design with soil bin and field 
test results. 
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MATERIAL AND METHODS 
If the coulter designs are to be better understood and improved, coulter-soil 
interaction must be better understood. To analyze the soil-coulter interaction, the first step 
was to examine veloci^ vectors for coulters at different points on the coulter surface in 
contact with the soil. Consider any point P on a plain coulter. The velocity vectors at any 
point must be in the XY plane (Fig. 1-a) except on the sharpened surface. For all coulters, it 
would be well to consider two components of a velocity vector, one parallel to the surface 
(Vs) and the other normal to it (Vn). These directions are so chosen because contact forces 
are normal to the surface and frictional forces are parallel to the surface. The magnitude and 
direction of these velocity vectors vary depending upon their position relative to the 
instantaneous center (IC). A vector diagram in the XY plane for plain coulter is shown in 
Fig. 2-a. For the front half of the coulter in contact with soil, the velocity vectors are 
downward whereas for the rear half their direction is upwards. For a plain coulter, a point on 
the wedge surface can have sliding and normal velocity components (Fig. 2-b). For all other 
points on the side face of the coulter, the normal velocity components are zero. This means 
the wedge can exert a pushing as well as a sliding force whereas side face can only exert 
sliding forces on the soil. The situation for a bubble or a wavy coulter depends on the 
geometry of the segment of the coulter that is in contact with the soil, in addition to the 
relative position of the point with reference to the coulter instantaneous center. The 
displacement behavior of soil particles needs to be studied as a first step to predict the soil 
disturbance due to coulters. Given the complex behavior of soil, simplifying assiunptions 
were necessary to predict and analyze soil displacement by different coulter designs. One 
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assumptioii was that the particle in contact with coulter only changes its Z coordinate (in 
constant contact or plastic mode); the soil-coulter interface is fiictionless, so there is no e£fect 
of velocity vectors on the soil particle. Only the lateral movement was considered, as Tice et 
al. (1988) in their soil bin experiments concluded that there was little soil movement in the 
forward (along X axis) and downward (along Y axis) directions in case of plain coulters. 
Assumptions: 
The assumptions made for these experiments were; 
1. Coulter-soil interface is frictionless. 
2-a. The constant contact assumption meant that particles that came in contact with the 
coulter, behaved like a cam follower (ensuring contact at all times) free to move only in Z 
direction. Position of a particle would change from (X, Y, Zinitiai) to (X, Y, Zfmai) after the 
coulter pass. The change from Zmiuai to Zfmai was recorded in the experiment 
2-b. The plastic assumption meant that a particle that was displaced away fiY)m the X-axis 
would not move back towards it. It would stay at its new position until displaced further by a 
segment of a coulter that followed. The change from Zinitiai to Zmaximum was recorded. 
3. The coulter was assumed to roll with zero slip; i.e. with velocity ratio (A.) =1. 
Experiments; 
This study used an experimental approach to measure soil displacements. Plain, 
bubble, 8-wave, and 25-wave coulters were studied in these experiments. 
Concept: The concept of the experiments is explained as follows. Referring to Fig. 
1 -a consider a soil particle at A, on the center line of the coulter pass. The angiilar rotation a 
0) corresponding to the forward coulter travel AQ can be calculated for a given depth. 
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Referring to Fig. I, for d < r, AQ = 2 V(r^- (r-d)^) and a = AQ*360/(2itr) in degrees, where d 
is the depth of coulter. As an example, referring to Fig. 1 particle at A or A' will experience 
the same Z displacement for a plain coulter, although the time and path length for which they 
are in contact with the lateral surface of the coulter are different. However, for a wavy or 
bubble coulter, the displacement pattem would depend on the wave segment that came in 
contact with a soil particle at A or A'. 
A few representative soil points along the edge of the coulter were considered, such 
that they divided the periphery equivalent to one convolution equally. As an example to 
show how their positions were calculated, let a 25-wave coulter be considered. Each wave 
corresponds to 14.4® of the coulter blade. Points A, B, C, and D were located such that the 
perimeter corresponding to 14.4® was divided into 4 equal parts (Fig. 3). A similar procedure 
was followed to calculate the point locations for 8-wave (45®, 6 points) and 18-bubble (20®, 4 
points) coulters. Simulation software might do a much better job with their ability to use 
many more points, however, these laboratory experiments were conducted for a few 
representative points to gain insights into the physical behavior. A', A", A'", A"" (and so 
on for B, C, D) are corresponding starting location points for depths 10,20, 30 and 40 mm 
respectively (Fig. 4). X and Y coordinates for all location points were calculated for each 
coulter design, with A being (0,0). Experiments were conduced to record Z displacements of 
the location points. 
Procedure: The experimental setup is shown in Fig. 5. Each coulter was mounted on 
the spindle of a milling machine. The plane of coulter rotation was called the XY plane. A 
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vernier caliper (Monostat Model 5921) was mounted on the movable Table in the YZ plane 
parallel to the Y axis. Thus the tip of the caliper used to measure distance along the Z axis 
acted like a soil particle in contact with the coulter surface. The Table holding the caliper 
was moved along X axis in the direction of clockwise rotation of the coulter. Measurements 
began as the caliper tip just touched the coulter surface. Measurements were taken by 
rotating the coulter by an angle Aa = 5" and moving the Table by corresponding AX each 
time. The Z displacement was then recorded. This process was repeated for soil particle 
depth, Y = 0, 10,20, 30 and 40 mm for each coulter until the caliper went past the coulter 
edge. Depth was measured with reference to a horizontal line 50 mm firom the instantaneous 
center (IC) of coulter. This line represented the soil surface when coulter operating depth is 
50 mm. Thus Y = 0 represents a soil particle at the soil surface. The combined movement of 
caliper and rotation of the coulter simulated the coulter motion past a soil particle where the 
particle could move only in the Z direction. Caliper readings were the particle displacement 
in Z direction. This process was repeated for A, B, C, D, E and F as the starting points at 0 
mm depth for 8-wave (and for points A, B, C, D for bubble and 25-wave) coulter and 
appropriate starting points at 10,20, 30 and 40 mm depths (points A\ A'\..., E""). 
Tables 1 and 2 list the settings required to conduct the experiments for each coulter. 
No experiment was conducted for the plain coulter since any particle in contact with its 
surface would encounter only a AZi change (2.2 mm, half the thickness) initially and then 
maintain the Z position till the coulter loses contact with the particle, resulting in a -AZi 
change. For each point (A, A\.., E"**), etc. the Z variation and maximum Z was recorded. 
Raw data were used for the analysis using the constant contact assumption; AZ = (Zininai-
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Table 1: Soil depth, travel distance, and coulter rotatioii relationships. 
25-wave Coulter Bubble & 8-wave Coulter 
Diameter, mm 450.0 450.0 450.0 450.0 450.0 404 404 404 404 404 
Depth, mm 40 30 20 10 0 40 30 20 10 0 
Travel', mm 132 185 224 255 282 126 176 213 242 267 
Angular^, deg 34 47 57 65 72 35 50 60 68 75 
' X distance (travel distance) for the initial to final soil contact for a given depth. 
' Angle of coulter rotation (a) from initial to final soil contact 
Table 2: Settings necessary for experiments conducted for each coulter. 
Z displacement was measured for each setting. 
AX Cumulative travel (mm) for the caliper corresponding to Aa rotatioD of coulter blade 
8-wave and Bubble Coulter 25-wave Coulter 
Depth in mm Depth in mm 
a'-l- 40 30 20 10 0 a'i 40 30 20 10 0 
-37.5 0 0 0 0 0 -35 0 0 0 0 0 
-32.5 18 18 18 18 18 -30 20 20 20 20 20 
-27.5 36 36 36 36 36 -25 39 39 39 39 39 
-22.5 53 53 53 53 53 -20 59 59 59 59 59 
-17.5 71 71 71 71 71 -15 78 78 78 78 78 
-12.5 89 89 89 89 89 -10 98 98 98 98 98 
-7.5 107 107 107 107 107 -5 117 117 117 117 117 
-2.5 124 124 124 124 124 0 137 137 137 137 137 
2.5 142 142 142 142 5 156 156 156 156 
7.5 160 160 160 160 10 176 176 176 176 
12.5 178 178 178 178 15 195 195 195 195 
17.5 195 195 195 20 215 215 215 
22.5 213 213 213 25 234 234 234 
27.5 231 231 30 254 254 
32.5 249 35 273 
37.5 266 
' Coulter reference angle, zero position was directly below coulter axis for all depths. 
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Zfinat)- A new data set was generated from the raw data using plastic assumptions which used 
the relationship AZ = (Zimtiai - Znucdmum). For each location point (A, Z displacement 
variation as the coulter passed by them for the plastic assumption are shown in Fig. 6. 
For a given coulter, final positions of all the location points would be calculated using 
Zfinai = Zmitiai + AZ. For a given coulter, Zfinai for all the location points described the lateral 
displacement caused in Z direction on either side of the coulter pass (X-axis). This pattern 
would be repeat along the forward travel of the coulter as more convolutions with identical 
geometry enter the soil. The starting points and their relation to a convolution feature were 
recorded; e.g. for 8-wave coulter point A is farthest from XY plane, B and C are along the 
rising portion of the wave, D is the farthest point from the XY plane in the positive Z 
direction, and E and F are along the falling portion of the wave, along the periphery (Fig. 3). 
Based on specifications, convolutions per contact (convolutions refers to waves, 
bubbles or ripple) were calculated for each coulter (Table 3). Contact refers to the angular 
proportion ( 0/360) of coulter in soil at any given point for 50 nmi coulter depth. The 
convolutions per contact [C/c] is the average number of convolutions in contact with the soil 
at any given time. 
Coulter 
Type 
Diameter 
(mm) 
Contact Angle (6) at 50 
mm depth 
Convolutions per 
contact (C/c) 
Plain 460 77 0 
Bubble (18) 404 84 4.1 
8-wave 404 84 1.82 
25-wave 447 78 5.42 
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Fig. 6-a: Displacement curves for soil particles at depth (Y) = 0 mm 
Fig. 6: Shows the particle movement (Z) caused by coulters along the contact lengt 
Zero on displacement axis represents the coulter center line for all coulters. 
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Fig. 6-b: Displacement curves for soil particles at depth (Y) = 10 mm 
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Fig. 6-c: Displacement curves for soil particles at depth (Y) = 20 mm 
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Fig. 6-d: Displacement curves for soil particles at depth (Y) = 30 mm 
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Fig. 6-e: Displacement curves for soil particles at depth (Y) = 40 mm 
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RESULTS AND DISCUSSION 
Paiticle displacement for bubble, 8-wave, and 2S-wave coulters, assuming plastic soil 
weie plotted in Fig. 6 (a-e). For each coulter, results are plotted for four location points 
(different segment of the coulter acting as a starting point). Table 4 shows the average Z 
changes (average of Z changes recorded for A, B, C and D for each depth) for each coulter 
for each depth under plastic and constant contact assumptions. As an example, for bubble 
coulter, for Y = 0, = (1/4) (Z^ + Zb + Zc + Zp), for Y = 10, Z,^ = (1/4) (Z^ + Zg + 
Zc -i- Zd ) and so on. The ^Max' column indicates the maximum Z change possible for a 
coulter based on its geometry. The actual maximum lateral displacement caused by each 
coulter with plastic soil assumption is less than the Max value for each coulter. This means 
that rather than width of the coulter, the segment of the coulter that comes in contact with the 
soil particle determines its final position. 
Constant Contact Assumption: 
Under this assumption the particle would not lose contact with the surface and hence 
would end up >^ere coulter left it. For a bubble coulter, this was zero because the bubbles 
Table 4: Zy^yg^ displacement measured for each coulter at different depths. 
Coulter Assumption Average AZ changes for different depths 
40 mm 30 mm 20 mm 10 mm 0 mm Max' 
Bubble Constant Contact 0.0 0.0 0.0 0.0 0.0 15 
Bubble Plastic 1.1 1.0 1.9 3.2 5.1 15 
8-Wave Constant Contact 0.1 0.3 -0.1 1.7 -0.7 33.6 
8-Wave Plastic 1.6 2.9 4.7 6.5 8.7 33.6 
25-Wave Constant Contact •0.2 1.0 0.9 0.2 2.0 11.9 
25-Wave Plastic 2.0 3.1 4.1 5.3 7.0 11.9 
* Max column indicates the maximum AZ possible based on width of the cou ter blade. 
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are located about 20 mm radially inwards from the periphery. As can be seen from Table 4, 
the net soil particle displacement (AZ) for all the coulters is negligible or zero. The constant 
contact assumption is not a realistic assumption for most soils. Soils tend to be plastic when 
moderately wet, if the moisture increases further, they tend to become sticky (Chancellor, 
1994). Therefore the plastic assumption may be more reasonable. 
Plastic Assumption: 
It can be seen from Fig. 6 that the displacements due to bubble, 8-wave and 25-wave 
coulters depends on the segment of the coulter that acted as a starting point For all coulters 
(for particle depth 0 mm), if the farthest point (A) was a starting point, then there was no 
further effect of the remaining coulter segment that followed. If any other point was a 
starting point, then further Z changes could occur for zero particle depth. The displacement 
is also a function of depth as coulter convolutions have different width and orientations at 
each depth (except for 25-wave coulter). The effect of orientation can also be explained in 
the case of an 8-wave coulter for 0 mm depth (Fig. 3 and 6) with the difference in the AZ in 
graphs for point B and C, and for point E and F. This is because of the surface AD being 
outwardly oriented and would move the particle, whereas DF is inwardly oriented and would 
not move the particle till it came in contact with a surface such as AD. 
Coulter Surface Orientations; If the Z movement is caused in the first half of the 
contact length (refer to Fig. 1 and 2) for any depth, the movement might be downward if 
other soil influences were considered. This is because the velocity vectors for this half are 
directed downward in the direction of travel. However, although the velocity vectors are 
downward and orientations of surface are pushing (with reference to YZ plane), whether a 
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particular coulter segment might cause compaction would also be determined by its 
inclination with XZ plane, hi other words a surface normal to each point where the Z 
measurement was taken may yield such information. However, from geometry 
considerations (Fig. 3), a bubble coulter was likely to cause compaction as the lower front 
surface of each bubble may push the soil particle sideways and downward in some cases 
(angle 50° with YZ plane and 17® with XY). For the given assumptions, the 8-wave coulter 
is likely to cause the least sideways compaction since the waves make a smaller angle (75®) 
with the YZ plane and an angle of (15®) with the XY plane. For a 25-wave coulter the angle 
with the XY plane is negligible but the wave surface angle with the YZ plane is (70®). 25-
wave coulters might cause compaction where its outwardly pushing surface comes in contact 
with the soil particle and when the velocity vectors are downward. 
Particle Displacement Pattern; 
The displacements (^Z) for each location point on one side of the coulter were 
recorded. Fig. 7 show a 3-dimensional view of the resulting soil surface due to predicted 
displacement on one side of the coulter pass using surface graphs. The 3-d surface graph for 
each coulter was plotted by using the final positions (X, Y, Zfi„ai) for all the location points 
(A, A\...E'"') using Surfer software. The resulting soil surfaces are shown in Fig. 7 (a-c). 
It must be recognized that the displacements for individual location points on the 
other side of the coulter centerline would not be a mirror image. The corresponding location 
points would behave differently. For example, referring to Fig. 3, for a bubble coulter point 
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'oD view cf siat crsctec by 25-Wave Couitei 
Fig. 7-a: Auxiliary View of the Slot created in plastic soil by 25-Wave Coulter 
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Fig. 7-b: Auxiliary View of the Slot created in plastic soil by 8-Wave Coulter 
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Fig. 7-c: Auxiliary View of the Slot created in plastic soil by Bubble Coulter 
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A would behave similar to point G and not point £, point B would behave similar to point H 
and not F. Thus Ztotai = AZA + AZE (but 2 AZA). The average Z(OTAI for all four points 
(A3,C J)) and (E,F,G,H) would be same, as the coulters have a geometric symmetry. The 
average total displacement (average Ziotai) for each coulter, which would be the average total 
predicted disturbance is shown in Fig. 8, under plastic assumptions. 
The disturbance would not be centered on the centerline of the pass for wavy coulters. 
To see the variation of the total displacement along coulter path, total displacement for 
individual location points must be considered. This pattern would be repeated along the 
coulter pass due to convolution pattern and symmetry. Table 5 shows such a comparison. 
From the surface graphs and from Table 5, it can be inferred that the displacement 
followed a wavy pattern for wavy coulters. A particle in contact with 8-wave coulter would 
have maximum Z movement. This was followed by 25-wave and bubble coulters. 25-wave 
and bubble coulters are likely to produce disturbance of relatively constant width, as opposed 
to a wavy disturbance by a 8-wave coulter. This pattern was also observed in bin tests and 
field experiments. 
Convolutions per contact (C/c); This was chosen as a parameter since this number 
may be related to convolution-soil interactions. Based on the [C/c] column (Table 3) it was 
thought that a plain coulter would cause the least displacement and the 25-wave coulter 
would cause the most displacement. However, from the graphs (Fig. 6 and 8) it can be seen 
that the 8-wave coulter caused the greatest displacement followed by the 25-wave coulter. 
Greater number of convolutions for a soil coulter contact may not mean more disturbance. 
Depth: The displacement decreased with increasing depth, which can be expected for 
no 
Average Soil Disturbance for Coulters 
I 
Avwag* Z dtoptacwMflt on •itiwr Sid* or couMm* (mm) 
•15.00 -10.00 -5.00 0.00 5.00 10.00 15.00 i 
Fig. 8: Average predicted width of the slot created by a coulter at different depths. 
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Table 5: Total displacement for individual location points (plastic assumptioii). 
Zmui for each location point (mm) 
Coulter Depth Depth Depth Depth Depth 
40 mm 30 mm 20 mm 10 mm 0 mm 
Bubble A" 2.2 1.9 4.2 6.2 10.8 
B 2.2 2 3.2 6.4 9.4 
C 2.2 1.9 4.2 6.2 10.8 
D 2.2 2 3.2 6.4 9.4 
Variation 0% 0.5% 27.0% 3.1% 13% 
8-Wave A 1.6 6.9 10.2 13.2 12.5 
B 3.4 6.9 7.7 10.4 20 
C 4.3 3.8 10 15.4 19.6 
D 1.6 6.9 10.2 13.2 12.5 
E 3.4 6.9 7.7 10.4 20 
F 4.3 3.8 10 15.4 19.6 
Variation 87% 52.6% 26.8% 38.4% 43.2% 
25-Wave A 3.5 5.3 10.3 8.1 14.4 
B 4.5 6.9 6 13.1 13.6 
C 3.5 5.3 10.3 8.1 14.4 
D 4.5 6.9 6 13.1 13.6 
Variation 25% 26.2% 52.7% 47.2% 5.7% 
*A,B.C,D are location points for depth 0 mm. for corresponding points A', A", A"'w^"" 
were recorded for depths 10,20,30 and 40 mm respectively. 
'Variation in Zukmi was calculated with the formula variation = [(max -min)*100/mean ]. 
the bubble coulter since the bubbles begin at about 20 mm radially inside of the periphery. 
However, for the wavy coulters this is surprising since the waves have fairly uniform width 
(Fig. 3). This may be due to the decreasing contact between coulter and a particular soil 
particle with increasing depth. 
Comparison With Field and Bin Tests: 
The results of these experiments were compared to the field and bin tests (Godbole et 
al., 1997). The sand in the bin tests was moderately wet and compacted (moisture 0.073 
Mg/Mg and bulk density 1.34 Mg/m3) and these conditions were close to plastic assumption. 
According to the profile and photo results (Fig. 9), 8-wave and 25-wave coulters caused 
about a 6 to 7 cm wide strip and the bubble coulter caused a 3.75 cm wide surface 
Fig. 9: Scanned photographs of the soil disturbance obtained in the bin tests for sandy soil. 
The disturbance pattern due to 8-wave coulter, bubble coulter and 25-wave coulter is in 
agreement with the predicted results. Disturbance due to 8-wave varies along the path and 
due to 25-wave is more uniform as predicted. (Table 5 and Fig. 8) 
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disturbance, which is in agreement with the findings of this simulation. It must be noted that 
the scale of the disturbance caused in the bin and field tests was greater because many other 
soil influencing factors were ignored by making simplifying assumptions. 
The field test results indicated that the disturbance by the 25'Wave was marginally 
higher than the 8>wave (8 to 9 cm). This could be due to other soil and dynamic factors 
ignored in this study. For both 8-wave and 25-wave coulters the cone index means gradually 
decreased for positions nearer to the coulter center line. This decrease was limited to the 
center position for the bubble coulter. From Fig. 8, it would appear that cone-index means 
would decrease gradually for 8-wave and 25-wave coulters towards the center of the 
disturbed zone, assuming a uniform initial cone index variation pattern at all locations on 
surface. The narrow Ztotai zone for bubble coulter would mean that the cone index would be 
lower only at the center position. Thus the field test results agree with the disturbance zone 
predicted in Fig. 8. 
CONCLUSIONS 
1. The lateral soil particle displacement caused by coulters is a function of the segment of the 
coulter that comes in contact with soil and its orientation with reference to coulter travel 
plane. Displacement is caused when an outwardly pushing surface comes in contact with the 
soil. The soil particle displacement for all coulters decreased with the depth of soil particle, 
even though the waves have fairly constant width for the outer 50 mm of coulter radius. 
2. The 8-wave coulter caused the greatest displacement, followed by the 25-wave coulter. 
The bubble coulter caused the least displacement. The 8-wave disturbance followed a wavy 
path whereas the disturbance caused by the 25-wave did not have a wavy pattern. The shapes 
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predicted £^ree with the photo results shown for sandy and compacted soil. 
3. For a plastic soil condition, the bubble coulter can cause the most sideways displacement 
where the contact surface orientation is downward, followed by a 25>wave coulter and then 
by an 8-wave coulter. This behavior may influence the compaction caused by each coulter. 
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CHAPTER 5: GENERAL CONCLUSIONS AND RECOMMENDATIONS 
Summary 
This research compared four popular coulter designs; plain, bubble, 8-wave and 25 
wave, based on soil disturbance they caused in the field and soil bin tests. There were no 
standard methods suggested in the literature for comparing soil disturbance caused by 
coulters or other tillage tools. A photoscanning method, profile technique and cone index 
profile method were developed to measure changes caused by a coulters pass. Appropriate 
evaluation parameters were developed for each method. The main challenge was to measure 
meaningful differences, since the coulter disturbance is limited to a very narrow zone. 
Simulation experiments were also conducted to predict the lateral soil particle displacement 
caused by each coulter, assuming plastic soil. 
Conclusions 
1. Measuring Techniques: 
1. The photoscanning method accurately (98%) measured the width of the surface 
disturbance caused by a coulter. The technique can give additional information about the 
surface disturbance in terms of soil breakup and distribution of soil disturbance around the 
coulter center line. 
2. The profile parameter AArea and Ynm detected the changes (t-test p < 0.05) in soil 
profile caused by a coulter pass. 
3. The cone index column mean parameters and weighted mean parameter were able 
to quantify the differences in cone index caused by different coulters. 
The three techniques combined can give information about the width of the 
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disturbance caused, soil volume moved and strength changes caused by a coulter pass. 
2. Field Tests 1995 md 1996: 
1. Soil finnness (measured in terms of cone index) increased the soil disturbance for 
all coulters. There was no correlation of observed soil disturbance with the moisture contents 
and bulk density of the soil. 
2. 8-wave and 25-wave coulters caused the greatest surface disturbance in both 
rototilled and no-till field conditions. Plain coulter disturbed a wider strip than did bubble 
coulter in no-till. The wavy coulter results bad less variability, suggesting that spatial 
variation of soil properties (moisture content, bulk density, cone index) affected the plain and 
bubble coulter more. 
3. Initial surface variability in the field reduced the effectiveness of the profile 
measurement technique; however, the 25-wave coulter caused the maximum AArea changes 
to soil profiles in 1996. 
4. 25-wave coulter caused the widest and most uniform strength disturbance as 
evidenced by cone index column mean variation, AMean, and low weighted mean 
parameters. 25-wave disturbed a region at least 150 mm wide, and 8-wave and plain 
disturbed at least 75 mm wide. Bubble coulter caused the least disturbance near the center 
line and may have caused some compaction aroimd the center line as evidenced by higher 
weighted cone index means. 
5. 25-wave coulter had the highest amount of soil sticking to it (300 g) in moderately 
moist and firm soil conditions (16 to 17 % moisture content (db) and 350 kPa average cone 
index), followed by 8-wave (30 g) and plain (25 g) coulters. Bubble coulter had no soil 
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Sticking to it. 
3. Bin Tests (National Soil Dynamics Laboratory): 
1.8-wave coulter caused the greatest surface disturbance in ail conditions followed by 
25-wave, and then by bubble and plain coulters. 
2. 8-wave coulter caused the greatest changes in soil profiles. 
3. The draft and vertical resistance for 25-wave coulter were the highest, followed by 
8-wave, bubble and plain coulters. 
4. Soil Displacement Simulation Results: 
1. The experiments enabled prediction of width of slot based on lateral soil particle 
displacement by all coulter designs in plastic soil. The average 8-wave coulter slot >vas the 
widest, followed by that made by 25-wave coulter. The bubble coulter created a much 
narrower slot. 
2. The width of the slot for each coulter decreased with the depth. Also, the 
displacement was not related to the width of the blade and number of convolutions per unit 
length. 
3. The displacement caused by each coulter design depends on which point of the 
coulter wave (or bubble) acts as a starting contact point and its orientation with travel plane, 
and the length of contact (which is a function of depth and diameter of coulter). The starting 
contact point and the blade orientation also determine the mode of sideways soil 
displacement. This information might be helpful in predicting compaction caused by each 
coulter design. 
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Recommendations For Coulter Use 
This research was limited to coulter-soil interaction, and it is difScult to speculate if 
the changes caused were beneficial or detrimental for desired plant growth and would 
ultimately lead to better yields. However, some general remarks can be made. The farmers 
and researchers need to choose coulter designs depending on their goals. 
1. Bubble coulter caused least soil disturbance and may cause compaction around its 
path. Many planting situations demand some soil disturbance ahead of furrow openers. 
2. Plain coulter disturbance can be as wide as an 8-wave coulter, but its performance 
is likely to be more spatially variable. However, it must be kept in mind that in previous 
research, plain coulter was found to be the best coulter for residue cutting. 
3.25-wave coulter required slightly higher toolbar weight for penetration and higher 
draft force to pull it. The soil sticking to it was also a problem. It caused high soil 
disturbance in no-till conditions. 
4. 8-wave coulter required lower toolbar weight and draft forces, and much lower 
amount of soil was sticking to it Its disturbance was lower than caused by 25-wave coulter 
in the field tests and much higher than that caused by plain and bubble coulters. 
Based on this study the 8-wave coulters created desirable soil disturbance. 
Suggested Future Work 
1. The coulter tests need to be repeated in a variety of soil conditions across the region 
where coulters are used for planting operations. Coulter tests and yield experiments such as 
those conducted in 1996 for this study must be done in combination- Only then will the 
researchers be able to define the 'desirable soil conditions' created by coulter or tillage tools 
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for better plant growth and ultimately better yields. 
2. Kinematic simulation experiments need to be conducted using available computer 
simulation software available to improve the resolution of measurement Such software can 
enable dynamic observation of the coulter soil interaction. The simulation experiments 
conducted assumed plastic soil condition. With better software, the computer simulations 
may allow investigating the coulter-soil interaction with some additional factors such as 
Motion and adhesion. This may be further advanced by using finite elements techniques. 
3. There is a need to standardize the process of measurement and comparison of 
tillage tools in general. Methods used in this research represent a step in this direction. The 
focus needs to be on defining criteria for desirable soil and residue conditions, and then 
testing how well a tillage tool meets those criteria. 
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APPENDIX I: ADDITIONAL DATA USED IN THE STATISTICAL ANALYSES 
Table I: The following table lists means and their variation for all the block and treatment 
combinations in 1995 field tests. 
Area Disturbed Strip Width 
Block B.D.(g/cc) M.C. (db) Coulter Mean SD Mean SD 
I I.IO 18.59 8 Wave 19. 2.9 4.3 0.7 
I 1.10 18.59 Plain 12.3 1.6 2.8 0.4 
I 1.10 18.59 Ripple 17.5 4.7 4.0 1.1 
I 1.10 18.59 25 Wave 33.6 2.9 7.7 0.7 
2 N/A 13.14 8 Wave 24.0 2.4 5.5 0.6 
2 N/A 13.14 Plain 12.9 1.8 3.0 0.4 
2 N/A 13.14 Ripple 25.0 1.1 5.7 0.3 
3 N/A 16.14 8 Wave 31.2 2.5 7.1 0.6 
3 N/A 16.14 Plain 21.5 3.8 4.9 0.9 
3 N/A 16.14 Ripple 12.2 2.6 2.8 0.6 
3 N/A 16.14 25 Wave 33.4 7.4 7.6 1.7 
4 1.09 16.58 8 Wave 26.4 0.5 6.0 0.1 
4 1.09 16.58 Plain 19.0 2.8 4.3 0.6 
4 1.09 16.58 Ripple 24.2 3.9 5.5 0.9 
4 1.09 16.58 25 Wave 32.0 1.1 7.3 0.3 
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Table 2: The following table lists means and their variatioQ for all the block and treatment 
combinations in 1996 field tests. 
Area Disturbed Strip Width 
Block M.C. (%) w b 1 Coulter Mean SD Mean SD 
1 15.55 1.32 Bubble 2.24 1.72 0.51 0.39 
I 15.55 1.32 8 Wave 37.50 3.41 8.57 0.78 
1 15.55 1.32 Plain 9.85 2.11 2.25 0.48 
1 15.55 1.32 25 Wave 32.45 7.28 7.42 1.66 
2 18.76 1.14 Bubble 11.03 4.02 2.52 0.92 
2 18.76 1.14 8 Wave 58.61 1.56 13.40 0.36 
2 18.76 1.14 Plain 14.43 5.83 3.30 1.33 
2 18.76 1.14 25 Wave 58.14 5.30 13.29 1.21 
3 19.5 1.14 Bubble 18.01 7.83 4.12 1.79 
3 19.5 1.14 8 Wave 16.50 4.90 3.77 1.12 
3 19.5 1.14 Plain 33.96 8.29 7.76 1.90 
3 19.5 1.14 25 Wave 35.53 4.44 8.12 1.02 
4 16.94 1.08 Bubble 29.25 5.81 6.69 1.33 
4 16.94 1.08 8 Wave 38.47 6.63 8.79 1.52 
4 16.94 1.08 Plain 32.49 14.31 7.43 3.27 
4 16.94 1.08 25 Wave 29.16 4.48 6.66 1.02 
5 17.24 1.10 Bubble 20.82 11.40 4.76 2.60 
5 17.24 1.10 8 Wave 40.70 4.88 9.30 1.12 
5 17.24 1.10 Plain 31.41 7.54 7.18 1.72 
5 17.24 1.10 25 Wave 43.92 1.42 10.04 0.33 
6 17.25 1.00 Bubble 26.63 15.09 6.09 3.45 
6 17.25 1.00 8 Wave 46.23 4.97 10.57 1.14 
6 17.25 1.00 Plain 36.19 14.22 8.27 3.25 
6 17.25 1.00 25 Wave 50.73 5.22 11.60 1.19 
7 16.33 1.06 Bubble 32.10 3.87 7.34 0.88 
7 16.33 1.06 8 Wave 38.24 4.25 8.74 0.97 
7 16.33 1.06 Plain 29.47 1.59 6.74 0.36 
7 16.33 1.06 25 Wave 34.89 4.16 7.98 0.95 
8 16.39 1.10 Bubble 22.12 1.41 5.05 0.32 
8 16.39 1.10 8 Wave 33.15 2.48 7.58 0.57 
8 16.39 1.10 Plain 28.86 0.96 6.60 0.22 
8 16.39 1.10 25 Wave 33.37 1.50 7.63 0.34 
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Table 3: Profile parameters for all the blocks in 1996 field tests: 
ok MC(%) BD(B^CC) Coulter Y-Mean Rms Orms Area 
1 15.55 1.32 25Wave -0.3 -0.6 -0.2 -71.5 
1 15.55 1.32 8Wave 5.0 0.7 0.8 196.7 
1 15.55 1.32 Bubble 1.1 1.1 -0.3 228.4 
1 15.55 1.32 Plain 1.9 1.3 0.0 250.7 
2 18.76 1.14 25Wave 4.6 1.6 1.4 319.9 
2 18.76 1.14 8Wave 4.5 1.1 1.3 310.7 
2 18.76 1.14 Bubble 0.6 -0.1 0.7 -74.9 
2 18.76 1.14 Plain 0.1 0.5 -0.6 263.0 
3 19.5 1.14 25Wave 12.6 6.8 2.4 1804.1 
3 19.5 1.14 8Wave -2.3 -0.5 0.8 -191.3 
3 19.5 1.14 Bubble 0.1 -0.1 -0.9 31.4 
3 19.5 1.14 Plain 11.5 3.9 0.7 1009.7 
4 16.94 1.08 25Wave 7.5 3.2 0.4 924.2 
4 16.94 1.08 8Wave 2.1 1.4 0.8 295.5 
4 16.94 1.08 Bubble 3.1 -0.7 1.1 -261.8 
4 16.94 1.08 Plain 4.9 2.2 1.1 521.7 
5 17.24 1.10 25Wave -5.9 1.0 0.4 316.8 
5 17.24 1.10 8Wave 3.9 1.8 0.8 495.7 
5 17.24 1.10 Bubble 3.4 4.4 0.5 1037.6 
5 17.24 1.10 Plain 2.4 1.2 0.9 255.9 
6 17.25 1.00 25Wave 4.5 2.7 1.7 449.5 
6 17.25 1.00 8Wave 5.1 2.8 -0.4 668.2 
6 17.25 1.00 Bubble 1.8 1.4 -0.1 396.6 
6 17.25 1.00 Plain -9.8 -2.4 -0.9 -561.8 
7 16.33 1.06 25Wave 0.8 1.7 1.2 498.3 
7 16.33 1.06 8Wave 2.3 1.6 -0.1 359.7 
7 16.33 1.06 Bubble 3.2 0.1 0.3 -125.3 
7 16.33 1.06 Plain 5.1 6.0 1.2 1357.0 
8 16.39 1.10 25Wave 0.9 2.5 1.2 375.1 
8 16.39 1.10 8Wave 7.8 1.5 0.2 390.2 
8 16.39 1.10 Bubble 6.6 2.5 0.2 682.0 
8 16.39 1.10 Plain 0.3 -1.7 0.5 -404.4 
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Table 4: The cone index means variation along the columns for 1995 field tests: 
Block Treatment Posl Pos2 Pos3 Pos4 Pos5 Pos6 Pos7 Pos8 Pos9 Mean 
1 before 170.6 151.9 220.1 209.6 106.4 147.9 220.5 181.9 231.0 182.2 
1 before 221.5 314.3 149.7 208.2 107.0 177.6 140.8 172.4 202.6 188.2 
1 plain 147.4 155.9 154.8 221.3 115.1 241.7 124.0 118.5 155.0 159.3 
1 ripple 412.0 255.2 235.5 189.2 173.8 208.5 194.1 263.5 370.7 255.9 
1 25Wave 216.1 212.5 246.5 431.6 217.5 208.9 204.1 168.3 381.7 254.1 
1 gWave 145.4 225.0 250.0 144.1 88.7 170.8 135.3 125.0 187.6 163.5 
2 before 212.2 137.6 238.5 198.0 265.5 255.8 193.7 190.0 220.0 212.4 
2 before 181.9 264.5 184.3 207.4 197.9 183.8 208.0 223.7 319.9 219.0 
2 before 254.1 332.4 253.1 339.8 154.7 171.7 310.9 200.6 265.9 253.7 
2 before 180.0 164.1 167.2 170.5 155.3 155.4 169.4 134.9 152.0 161.0 
2 plain 156.4 245.3 261.1 261.4 219.9 256.4 201.0 230.0 296.6 236.5 
2 plain 208.6 206.7 208.5 185.1 283.1 159.4 159.5 170.7 207.1 198.7 
2 ripple 240.6 402.0 428.5 369.3 295.6 260.0 388.2 272.8 277.9 326.1 
2 ripple 239.8 238.5 313.4 206.6 228.2 225.1 275.2 231.6 261.1 246.6 
2 25Wave 191.9 209.8 175.7 246.3 175.2 172.3 292.4 248.0 199.4 212.3 
2 25Wave 240.5 270.9 291.6 169.8 223.4 220.3 339.4 198.4 145.9 233.4 
2 8Wave 268.8 268.8 255.2 222.1 215.5 258.6 311.0 212.0 262.4 252.7 
2 8Wave 280.1 262.3 226.6 160.0 212.2 192.1 228.5 179.9 244.3 220.7 
3 before 241.5 164.6 222.4 172.9 131.8 166.3 164.8 119.7 174.5 173.1 
before 165.6 134.2 140.3 206.8 151.5 155.6 194.9 258.2 180.0 176.3 
3 plain 146.2 146.6 187.1 208.3 161.4 277.7 117.6 215.2 87.6 172.0 
3 plain 126.7 106.5 145.3 219.3 129.6 172.0 114.0 185.9 222.8 158.0 
3 ripple 135.8 165.9 145.4 173.1 166.9 130.1 139.9 169.4 184.0 156.7 
3 25Wave 161.0 123.5 118.6 167.7 163.3 132.1 157.1 115.7 160.9 144.4 
3 25Wave 124.9 117.7 204.6 204.7 189.0 182.5 132.0 146.2 144.5 160.7 
3 8Wave 201.4 131.0 133.0 266.0 137.0 126.8 72.5 129.4 112.5 145.5 
3 8Wave 184.1 158.2 206.0 199.0 136.2 165.5 168.0 159.8 238.6 179.5 
4 before 156.3 166.6 123.0 183.5 254.0 203.3 184.2 183.5 163.4 179.7 
4 plain 150.6 177.8 104.1 180.6 142.1 129.7 209.6 182.6 201.8 164.3 
4 ripple 148.6 112.8 167.7 179.4 187.1 116.5 157.6 151.4 175.3 155.1 
4 ripple 123.9 169.0 89.7 194.3 142.4 175.4 138.4 117.3 135.8 142.9 
4 25Wave 168.5 130.6 110.7 148.4 246.3 184.1 270.9 228.3 208.8 188.5 
4 25Wave 100.3 151.9 233.2 126.6 142.0 159.6 216.8 155.5 172.8 162.1 
'before' means the data obtained prior to a coulter pass. 
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Table 5: The cone index paramters for 1996 field tests: 
Block MC(%) BD(g/cc) Coulter Mean SD Weighted Mean 
1 15.55 1.32 25Wave 212.15 180.05 165 
1 15.55 1.32 8Wave 298.9 301.1 163.55 
1 15.55 1.32 Plain 286.05 217.95 200-7 
1 15.55 1.32 bubble 425 332 279.95 
2 18.76 1.14 25Wave 405.4 287.3 346.05 
2 18.76 1.14 8Wave 241.25 164.45 111 
2 18.76 1.14 Plain 286.8 607.2 
2 18.76 1.14 bubble 361.25 277.4 438.35 
3 19.5 1.14 25Wave 280.5 209.4 216.25 
3 19.5 1.14 8Wave 358.5 273 487.3 
3 19.5 1-14 Plain 256.25 215.05 209.1 
3 19.5 1.14 bubble 393.65 265.05 471.8 
4 16.94 1.08 25Wave 351.8 246.15 342.75 
4 16.94 1.08 8Wave 150.6 145.8 117.25 
4 16.94 1.08 Plain 326.25 296.6 143.9 
4 16.94 1.08 bubble 303.1 232.6 255.25 
5 17.24 1.1 25Wave 225.25 233.45 53.4 
5 17.24 1.1 8Wave 262.15 193.85 224.3 
5 17.24 1.1 Plain 318.65 237 181.75 
5 17.24 1.1 bubble 320.05 248.55 200.7 
6 17.25 1 25Wave 272.7 251.2 141.4 
6 1725 1 8Wave 271.1 191.5 239.95 
6 17.25 1 Plain 352.75 276.55 129.3 
6 17.25 1 bubble 435.35 336.7 285.45 
7 16.33 1.06 25Wave 405.25 318 91.75 
7 16.33 1.06 8Wave 416.35 344.6 210.6 
7 16.33 1.06 Plain 330.15 210.65 226.6 
7 16.33 1.06 bubble 469.45 383.15 405.75 
8 16.39 1.1 25Wave 358.75 282.9 211.7 
8 16.39 1.1 8Wave 254.05 160.6 246.6 
8 16.39 1.1 Plain 376.2 289.5 98.8 
8 16.39 1.1 bubble 607.2 407.8 551.55 
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APPENDIX n: COMPUTER CODE TO CALCULATE CONE INDEX 
DATA EVALUATION PARAMETERS 
// Program calculates necessary statistics for cone index data. It expects a ASCII data file with 
// known number of rows and columns and prints out the cone index statistics in another file. 
#include <iostream.h> 
#include <mathii> 
^include <iomam'p.h> 
#include <stream.h> 
#include <fstreamJp-
#defme ROWS 22 
#define COLS 10 
#define X_STEP 37.5 
#define Y_STEP 6.6 
#define X_REF 112.5 
#define Y_REF 50 
int main(int argc, char 'argvl]) 
{ 
if (argc != 3) 
{ 
cout«"Incorrect number of parameters" « endl; 
cout«"Usage — cpr dataFileName outputFileName"« endl; 
exit(l); 
} 
double data[ROWS][COLS]; 
double grid[ROWS][COLS]; 
int ij,N; 
double colSum[COLS], colMean[COLS]; 
double rowSum[ROWS], rowMean[ROWS]; 
double sum, mean, sd, sumSquare; 
double currX, currY; 
double exponent = 2.0; 
double weightedMean = 0.0; 
double gridSumSq = 0.0; 
ifstream inFile(argv[l], ios::in); 
if (linFile) 
{ 
cout« "Error reading data file - " « argv[l] « endl; 
exit(l); 
} 
// Open the output file and write headers 
ofstream outputFile(argv[2], ios::out | ios::noreplace); 
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if (!outpiitFiIe.faiIO) 
{ 
outputFUe«" MEAN SD W-Mean"; 
outputFUe « " ROW Means COL Means FILE" 
« endl; 
outputFUexloseO; 
} 
//Read data 
sum = 0.0; 
mean = 0.0; 
sd = 0.0; 
N = ROWS»(COLS-l); 
for (i=0;i<ROWS;i++) 
for (j=Oy<COLSa-H-) 
inFile»daia[q[n; 
cout« "Read the data..."« endl; 
for (i=0;i<ROWS;i++) 
for (j=I y<COLSa-H-) 
sum += data[i](]]; 
cout« "Computed simi..."« endl; 
mean = sum/N; 
// Compute std 
sumSquare = 0.0; 
for(i=0;i<ROWS;i-H-) 
for (j=la<COLSy-H-) 
{ 
sumSquare += pow((data[i]D] - mean)^); 
} 
sd = sqrt(simiSquare/(N-I)); 
// Compute row means 
for (i=0;i<ROWS;i++) 
{ 
rowSum[i] = 0.0; 
for (j=la<COLSa-H-) 
rowSum[i] += data[nO]; 
rowMean[i] = rowSum[i]/(COLS-l); 
} 
// Compute col means 
for 0=1 a<COLSy-H-) 
{ 
colSumQ] = 0.0; 
for (i=0;i<ROWS;i++) 
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colSumO] += data[i]|j]; 
colMeanQ] = coISum[i]/ROWS; 
} 
I I Compute distance grid 
currX = 0.0; 
currY = 0.0; 
for (i=0;i<ROWS;i++) 
{ 
currX = 0.0; 
currY = Y_STEP*i; 
for 0=1 a<coLSa-f-+) 
{ 
grid[i]a] = 
sqrt(pow((X_REF - currX)^) + pow((Y_REF - currY)^)); 
currX += X_STEP; 
} 
} 
weightedMean = 0.0; 
gridSumSq = 0.0; 
for(i=0;i<ROWS;i++) 
forO=la<COLSy+-(-) 
{ 
weightedMean += data[i]0]/pow(grid[i]|j]^); 
gridSumSq += (l.O / pow(^d[i]lj]^)); 
} 
weightedMean = weightedMean/gridSumSq; 
// Write results to the output file 
outputFile.open(argv[2], ios::app); 
outputFile « setiosfIags(ios;:fixed) 
« setw(8)« setprecision(2)« mean « V 
« setw(8) « setprecision(2) « sd « Y 
« setw(8)« setprecision(2)« weightedMean « V 
« setw(8) « setprecision(2)« rowMean[0] « Y 
« setw(8)« setprecision(2)« colMean[l]« V 
«argv[l] «endl; 
// Successive row and col means 
for(i=2;i<COLS;i-H-) 
outputFile « " " « V 
« " " « 
« " " « 
« setw(8)« setprecision(2)« rowMean[i-l]« ^ f 
« setw(8)« setprecision(2) « colMean[i] « endl; 
// Last few row means 
for (i=COLS-l;i<ROWS;i-H-) 
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outputFiIe«" 
« I, n « .yj. 
« It n « 
« setw(8) « setprecision(2)«rowMean[i]« ^ f 
«endl; 
outputFilexIoseO; 
/*** 
cout«"Mean ="« mean « endl; 
cout«"SD = " « sd « endl; 
cout«"Column Means = 
for (j=la<COLSy-H-) 
cout« coIMeanQ] «" " ; 
cout« endl; 
cout«"Row Means ="« endl; 
for(i=0;i<ROWS;i-H-) 
cout«i*Y_STEP « " " « rowMean[i] « endl; 
cout«"Weighted Mean = " « weightedMean « endl; 
***/ 
retum(0); 
} 
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APPENDIX m: COMPUTER PROGRAM TO CALCULATE PROFILE 
EVALUATION PARAMETERS 
I* Program computes statistics ftom profile data files. It expects an ASCII file containing X and Y 
coordinates of one data point on each line and outputs the computed parameters into another ASCII file */ 
^include <math.h> 
^include <stdtib.h> 
#include <stdio.h> 
#define DATA_POINTS 220 
int main (int argc, char 'argyQ) 
{ 
intij; 
FILE •inFile, •outFile; 
char tempi [20]; 
char temp2[20]; 
double X[DATA_POINTS]; 
double YpATA_POINTS]; 
double YdiffllDATA_POINTS]; 
double Xnew[2*DATA_POINTS]; 
double Ynew[2*DATA_POINTS]; 
double Ymean=0.0, Yrms=0.0, Ydi£finean=0.0, Ydif&nis=0.0; 
double tl, t2; 
double areal, area2; 
int count=0; 
if (argc != 3) 
{ 
printf("Incorrect number of parameters \n"); 
printf("Usage — profile dataPileName outputFiIeName\n"); 
exit(l); 
} 
if ((inFile=fopen(argv[l],"r"))==NULL) 
{ 
printf("Error opening input file %s", argv[l]); 
exit(l); 
} 
/* Code for inserting header row •/ 
if ((outFile=fopen(argv[2],"r"))=NULL) 
{ 
/* Output file does not exist •/ 
outFile=fopen(argv[2],"w"); 
fjirintfl^outFile, 
"FILE Ymean Yrms Ydiff Ydiffrms A(+) A(-) Area\n"); 
fclose(outFile); 
} 
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if ((outFiIe=fopen(argv[2],"a"))==NULL) 
{ 
printf("Error opening output file %s", argv[2]); 
exit(l); 
} 
/• read in the header row */ 
fscan£(inFiIe,"%s %s", tempi, temp2); 
while (!feof(inFile)) 
{ 
fscanf(inFiIe,"%lf%lf\n",&tl,&t2); 
X[countl=tl; 
Y[count]=t2; 
count++; 
} 
printf("count = %d\n", count); 
for (i^;i<count;i++-) 
printf("X[%d] = %6.2f, Y[%d] = %6^f\n", i, X[i], i, Y[i]); 
if(count>=DATA_POINTS) 
{ 
printf("Error! Input file has more than %d points \n", DATA_POINTS); 
exit(l); 
} 
for (i=0;i<count;i++) 
Ymean += Y[i]; 
Ymean /= count; 
for (i=0;i<count;i++) 
Yrms += pow((Y[i]-Ymean),2.0); 
Yrms l~ (count-1); 
Yrms = sqrt(Ynns); 
for (i=0;i<Count-l ;i-H-) 
{ 
Ydiff[i] = Yti+l]-Y[i]; 
Ydiffinean+=Ydiff[i]; 
} 
Ydiffinean /= (count-1); 
for (i=0;i<count-1 ;i-H-) 
Ydiffims += pow((Ydiff[i]-Ydiffniean),2.0); 
Ydifftms /= (count-2); 
Ydiffrms = sqrt(YdifJnns); 
/• Ready to calculate the areas *l 
132 
for (i=0;i<count;i++) 
Y[i] = Y[q-Ymean; 
/* Now for Y values with change of sign insert additional 
elements with Y = 0 •/ 
Xnew[0]=X[0]; 
Ynew[0] = Y[0]; j=i; 
for (i=l ;i<count;i-H-) 
{ 
if ((Y[i]>0.0 && Y[i-l]<0.0)||(Y[i]<0.0 && Y[i-l]>0.0)) 
{ 
/* Insert a point */ 
YnewQ] = 0.0; 
XnewD] =(X[i]+X[i-l])/2.0; 
j-^+; 
} 
YnewD] = Y[i]; 
XnewD] = X[i]; 
J++; 
} 
/• Compute the areas •/ 
areal = 0.0; 
for (i=l;i<j;i++) 
{ 
if (Ynew[i]>=0.0 && Ynew[i-1]>=0.0) 
areal += (Xnew[i]-Xnew[i-l])*(Ynew[i]+Ynew[i-l])/2.0; 
} 
area2 = 0.0; 
for (i=I;i<j;i-H-) 
{ 
if (Ynew[i]<=0.0 && Ynew[i-1]<=0.0) 
area2 += (Xnew[i]-Xnew[i-l])*(Ynew[i]+Ynew[i-l])/2.0; 
} 
/• Remove this line before running in batch mode •/ 
printf(" Areal + Area2 = %6.2f\n",areal+area2); 
areal = fabs(areal); 
area2 = fabs(area2); 
fprintf(outFile,''%8s %6.2f %6.2f %6.2f %6.2f %6.2f %6.2f 
%6.2f\n",argv[I],Ymean,Yrms,Ydiffinean,Ydif&ms,areal,area2,areal+area2); 
fclose(outFile); 
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APPENDIX IV: SOFTWARE SOURCES 
Following additional computer codes developed and software used (referenced in the text) are 
available for use and further improvements. 
1. LineToDat (software that converts profile images to Cartesian data). 
2. Rootedge (software analyzes images). 
Both these programs were developed by Dr. Robert P Ewing, Dept of Agronomy, ISU, Ames, lA 
and can be obtained by contacting the following address: 
Dr. S J Marley/ Dr. H. Mark Hanna 
Ag & Biosystems Engineering Dept 
Davidson Hall, ISU 
Ames, lA 50011, USA. 
